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Messurements of the 


centimeter) have been made by means of a graphite cavity ionization chamber. 


y-ray emission of radium (roentgens per milligram-hour at 1 


An auxiliary 


experimental examination of the stopping-power correction for the non-air-equivalence of the 


cavity wall is also described. 


enclosed in an 0.5-millimeter platinum capsule) is 8.26 


The resulting average value for the y-ray emission of radium 


+0.05 roentgens per milligram-hour 


at 1 centimeter, which is based upon the conclusion that the stopping-power data of Bakker 
and Segre are consistent with the results of the auxiliary experiment. 


1. Introduction - 


Field instruments for the measurement of the 
exposure dose or exposure dose rate of X- or y-radia- 
tion usually require calibration against a primary 
standard. In the X-ray region between 50 and 500 
ky it has already been pointed out in the 1956 report 
of the ICRU [1]* that primary standards of the 
free-air chamber type can be constructed with an 
absolute accuracy of about +1 percent. However, 
the information required for the design of such instru- 
ments with this accuracy at the higher quantum 
energies, such as the y-rays from Co™ or radium, is 
not vet available. Instead, the method of cavity 
ionization, utilizing the Bragg-Gray relation |2, 3], 
has generally been relied upon for measurements in 
this energy region. 

Radium sources are frequently used for routine 
calibration purposes, by placing the instrument to 
be calibrated at a known distance from a capsule 
containing a known weight of radium. One must 
then know, from other measurements, what the 
exposure dose rate will be under these conditions. 
The ICRU report defines the specific y-ray emission 
of a radioactive nuclide as ‘“‘the exposure dose rate 
produced by the unfiltered y-rays from a point source 
of that nuclide at a defined distance. The unit of 
specific y-ray emission is the roentgen per millicurie- 
hour (r/mch) at 1 em.” For radium, the specific 
yay emission is, instead, usually expressed in terms 
of the weight of radium element, i. e., roentgens per 
milligram-hour (r/mgh) at 1 em. It will be con- 
venient to refer to this quantity as K(Ra). For 
calibration purposes, radium sources are usually 
enclosed in capsules of platinum (10% iridium), 
having walls 0.5 mm in thickness. Thus, a more 
weful figure for radium is the specific y-ray emission 
modified by the attenuation in such a capsule wall. 
This has been given several names in the literature, 
such as dosage constant, Q-constant, y-ray output, 
and Sievert dose, the latter being the most generally 
accepted. For present purposes we will the 
symbol k (Ra). For later reference it will be worth- 
while to set down the following definition: 

k (Ra) is the exposure dose rate in roentgens per 
hour at 1 cm from a point source of 1 mg of radium 
dement (in equilibrium with its daughter products), 


a 
"Figures in bracket idieate the literature reference it’ the 


use 


end of this paper 


enclosed in a platinum (10% iridium) capsule of 
0.5-mm thickness, the surrounding air having no 
scattering or attenuating effect. 

k (Ra) cannot, at present, be calculated theoreti- 
cally with an accuracy of better than a few percent, 
and it must, therefore, be measured experimentally. 
The most common currently accepted value is 8.4 
r/mgh at 1 em,' which is derived as a weighted 
average of a number of experimental determinations 
over a period of many years [4 to 42]. Cavity-type 
ionization chambers have been most frequently 
employed, but some free-air chamber measurements 
have also been attempted [9, 17, 19, 26, 30, 42). 
Even the most recent of these [42] is now known to 
have had substantial errors from electric field 
distortion and from ionization produced by scattered 
photons. ‘Thus, the cavity ionization measurements 
appear to be the more reliable at present, and the 
8.4 r/mgh figure is based principally upon these. 

One of the main sources of unéertainty in ¢avity 
chamber measurements is related to the non-air- 
equivalence of the chamber wall material. ‘This 
gives rise to a correction factor, identified by the 
Bragg-Gray relation [2] as the ratio of the electron 
stopping power in the wall material to that in air. 
The evaluation of this factor, usually called s, is 
carried out by making use of the Bethe-Bloch stop- 
ping-power formula [43], which involves a term 
depending on the mean excitation potential (J) for 
the atoms of the stopping material. It has not been 
adequately calculated theoretically, and must there- 
fore be determined from experiments. 

Laurence [34] computed s for a number of wall 
materials,? using the assumption that J=13.5Z. 
His results have been widely employed in the inter- 
pretation of cavity chamber measurements, and in 
fact the value of 8.4 r/mgh for radium is consistent 
with the Laurence wall corrections.’ 

Bakker and Segre [44] and Mather and Segre [45] 
have measured / in various materials through range 
measurements with fast protons. Their measure- 
ments indicate that J/Z is not a constant for different 
atomic numbers Z. On the other hand, a recent 


At the National Physical Laboratory in the United Kingdom 8.3 is the value 
assumed for k( Ra 
Note the error existing in Laurence’s eq (8), the stopping-power formula, 
giving rise to an underestimation of » for graphite by about 1.1 percent and an 
overestimation for Al by about 0.6 percent. ‘lhe second term in brackets in that 
equation should be In[(k/25)+k?] instead of In|k?+-(k/2)]. 
3 See second footnote to table 5 
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survey of existing measurements by Caldwell [46] 
and experiments of Bichsel and Mozley [47] show 
that //Z is approximately constant with Z, at least 
for Z>13. An even more recent paper by Brandt 
[48] tends again to confirm the Bakker and Segre 
results. This difference will only be resolved by 
further experimental measurements of J, and at 
present brings about an uncertainty of the order of 
1 percent in the interpretation of cavity ionization 
measurements, 

The present experiment was initially undertaken 
with two purposes in mind: 

(1) To provide a relatively precise determination 
of k( Ra) by the cav ity chamber method 

To compare the abilities of the variously 
computed stopping-power corrections to reduce the 
experimental data for cavity chambers of differing 
wall materials (carbon and aluminum) to give a 
common value for the radium gamma-ray emission. 

The experimental work was originally done in two 
parts. The first was the absolute measurement of 
the ionization produced in a graphite and an alumi- 
num chamber at approximately l-atm air pressure, 
at several measured distances from a known radium 
source. The second part was a study of the pressure 
dependence of the ionization in the same chambers, 
from 0.1 to 1 atm, to determine the degree to 
which the cavity ionization was under the influence 
of the electrons originating in the chamber walls 
The results of these two experiments were then com- 
bined to give the absolute ionization in each chamber 
as a function of air pressure. 

Two unforeseen difficulties were encountered which 
rendered these results indeterminate. The first was 
that the ionization in the cavity chambers did not 
strictly obey the inverse square law as a function of 
distance between centers of source and chamber 
This was found to be true after taking into account 
the air attenuation, scattering from the floor and 
other objects, and the size of the chamber and source 
The most startling feature of this behavior was the 
fact that the Al chamber showed a greater divergence 
from inverse-square-law behavior than did the 
graphite. Thus, the ratio of ionizations in the two 
chambers (aluminum to carbon, of the same dimen- 
sions) was found to decrease with increasing distance 
from the source. The explanation of this effect will 
be discussed in the next section. 

The other difficulty arose when the Al/C ionization 
ratio was measured with several different radium 
sources, all having 0.5 mm Pt capsule walls, but vary- 
ing diameters. This ratio was found gradually to 
increase by | percent as the inside diameter of the 
source was decreased from 5.5 to 0.7 mm This 
effect may be the result of photoelectric interactions 
in the Al chamber wall by the bremsstrahlung pro- 
duced within the source by 8-rays, & pomnt to be 
investigated further. It does, however, make the 
measurement of the Al/C ionization ratio indefinite 
for radium. Moreover, it raises the question of 
whether the bremsstrahlung is to be included with 
the y-radiation in the definition of k(Ra From 
practical considerations one concludes that it should 
be included, because it will always be present for 
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radium sources enclosed in platinum  capsul« 
Variations in the bremsstrahlung output with iffer./ 
ent source diameters will be taken into aceoy 
approximately by the correction for attenuation » 
the radium salt, as measured by Whyte [51]. 

In view of the difficulties described above. jt wa 
decided to revise the approach to the measuremen 
of k(Ra) in three respects: 

(A) The “distance effect’? (nonobe ving of Inverse} 
square law) was to be investigated with the obj 
of eliminating the uncertainty resulting from it. 

(B) Measurements with radium y-ravs were { 
be confined to the graphite chamber (eliminating th! 
aluminum chamber for the reason outlined jn ¢ 
previous paragraph), using the information foun) 
in (A) to avoid the distance effect. 

(C) Cobalt-60 y-ravs were to be used in place 
radium y-rays for the study of the stopping-pow 
corrections for the non- air-equivalence of the chamby 
walls, to avoid the photoelectric effect. An addi-| 
tional chamber of copper, nearly identical in siz! 
to the graphite and aluminum chambers, was als 
constructed for inclusion in this study. 

The results of this modified version of the experi-| 
ment will be presented in the following sections 
However, the original setup will first be described 
briefly to show how the distance effect entered thy 
picture. 


2. Preliminary Measurements and the 
Distance Effect 


2.1. Setup Initially Used for Radium Measurements To ELI 
Figure 1 is a photograph of the over-all arrange-| , = 


ment. The evlindrical cavity chamber (graphite o 
aluminum), shown in figure 2, was located at th 
end of a rigid, evacuated coaxial connector 2 m i 
length, which was connected to the input head of a} 
vibrating reed electrometer. This head was enclosed } 


- Al 
in a 15-em-thick lead housing which was supported | ) 
by an electric lift truck, capable of raising the| | 
chamber to a height of 3 m above the floor. Th . 
radium source was supported at 2-m height by a} te con 
paper stand, so constructed to contribute a minimum | “4 9tt 
of y-ray scattering. The chamber was located _ surtce : 
directly above the source so that the chamber axis . 
was at right angles to a line joining their centers 
The distance between centers (15 to 100 em) was 
determined by adding half the source and chamber bet] 

. ) 
diameters to the distance between their surfaces “rll 
as measured by a cathetometer. An area of the| p,— 

> 2 . noi | Even 
concrete floor, 2.4 by 3.5 m in extent, was covered iis 
é , - ' sideré 
with a thickness of 6 mm of lead, to reduce the variat 
scattered radiation Further details about the ’ al 
: . cham 
chambers, the radium source, and the corrections \ 
. . . . Af 
for scattering and attenuation will be given m] , . 
. Lit’ 
section 5 
sas and si 
2.2. Initial Results rt 


Figure 3 is a graph of (J? as a function of D, wher 
i} is the ionization in the cavity chamber, and Dis 
the center-to-center distance from source to chamber 
Two corrections have been applied to these curves 
accounting for attenuation by the air and seattering | 
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be expected with the indicaled geometry 


geometry was that indicated in figure 4, and the 
integration was carried over the three dimensions 
of the chamber and the length of the source, by a 
series expansion‘ in terms of (//J7*). The resulting 
expression for the ionization in the chamber was: 


l L* 2? , 21. PY Ie Re Pp 
tps 3° 9 "3 8 +) 


~) “> > —) 


where 7’ is the ionization to be expected for a point 
source and point chamber separated by distance J), 
22 is the internal length of the chamber, R 
internal radius, and 2p the active length of the 
source, In the present cause, where 2L is 5.08 em. 
R is 2.06 em, and 2p is 1.8 em, the ratio (7/7’) is as 
indicated in figure 4. The drop at small values of 
D is at least qualitatively shown by the curves in 
figure 3. However, (7/7’) is flat within 0.1 percent 
for D>20 em, unlike the results observed with these 
chambers. Such a calculation as this, of course, has 
nothing to say about the difference in slope of the 
aluminum and graphite curves, and ignores the fact 
that most of the cavity ionization is produced by 
electrons originating within the chamber walls. A 
more elaborate calculation taking these factors into 
account has not been attempted, and is probably 
not feasible with information now available. 


Its 


The attenuation of y-rays in the chamber walls 
was measured at different distances by the conven- 
tional method of varying the wall thickness, but the 
result was found to be independent of J). Extra- 
cameral collection of ionization and ion-recombina- 
tion losses were also found experimentally to make a 
negligible contribution to the distance dependence ol 
the ionization. 

It appears then that the observed distance effect 
is not explained by the usual influencing factors 
It was decided to explore the problem further by 
increasing the source-to-chamber distance to values 


4 The method of integrating w lggested L. V. Sper 
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(7ninNUmM, ay } 


graphite chamber 


rhe seatter shield removed seattered radia | luced in the air wh 
ource was at large distance 
—— j 
greater than 1m. In order to do this, it was neces 
sary to employ larger Co™ sources (1 and 10 CUries | 


to provide sufficient ionization for accurate measur 

ment, and to collimate the beam to avoid complh-| 
cating the issue with y-ray scattering from surround-| 
ing objects. The geometry was as shown in figure if 

Because the exact position of the source within th 
lead housing was not known, and because of seatter 
ing from the filter, only the ratios of ionizations j 
chambers of differing wall materials were considered! 
as being significant. These ratios, relative to the} 
graphite chamber, are shown in figure 6 (for 9 
geometry), including the data for a copper chamber 
similar in dimensions to the graphite and the alumi- 
num chambers, but with walls 1 mm in thickness 
These data were taken with a filter of 3 mm Pb+24 
mm Sn+0.5 mm Cu-+-0.8 mm AI to eliminate an 
scattered and fluorescent radiation originating in the 
source, housing, and diaphragm. Additional lead 
in the filter was found to have no effect upon th 
ratios; similarly, the presence of the fluorescence 
filter did not influence the results. Without any] 
filter, the curves were of the same shape but some- 
what higher due to the presence of low-energy radi- 
ation. The Al/C curve for 90° geometry in figure 6 
decreases by 1.5 percent over the indicated range of 
distances, whereas the corresponding decrease of the 
Cu/C ratio is 5 percent. Neither curve shows an) 
tendency to flatten out rapidly with distance, indi- 
cating that their slopes cannot be explained on the 
basis of a fixed difference in the effective centers of 
ionization in chambers of different wall materials 
However, this behavior at large distances does 
suggest the possibility that the end walls of the 
chambers might in some way be responsible, perhaps 
through attenuation, because of the grazing ine- 
dence of the y-ravs upon those walls. 

As a test of this hypothesis, the setup in figure 6 
was changed to give a 50 instead of 90° angl 
between the chamber axis and the direction fron 
which the ravs were incident, With this geomety 
the AVC and Cu/C curves were both flat withi 

0.2 percent, as shown in figure 6 The work was 
repeated at 70°, to find out if there was any depend | 
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Thus, it appears clear that the distance effect 1s 
related to ceometrical situations where the y-Trays 
strike the chamber at grazing incidence with respect 
to an appreciable area of chamber wall! It is not 
definitely established, however, that attenuation is 
wholly responsible. It can account for the behavior 
at large distances, where the attenuation of y-rays 
in the end walls of the copper chamber, for example, 
would certainly be much larger than in the graphite 
chamber because of the greater density of copper.’ 
Thus, the copper end walls would contribute less 
than their share of ion-producing electrons, and the 
ionization would be reduced. However, as the dis- 
tance from the diminished, one would 
expect this effect to become smaller, so that Cu/C 
and Al/C ratios would appreach the values obtained 
at 50° and 70 This is clearly not the 
figure 6 indicates higher Cu/C and AI/C ratios at 
90° than at 50° or 70° for distances less than about 
lm. At present there is no satisfactory explanation 
l and it therefore deserves further 


source 1s 


case, as 


to account for this, 
study. 

For present purposes, however, the distance effect 
ean be avoided by orienting the chamber so as to 
eliminate glancing-angle incidence of the y-rays, 
thus obtaining unambiguous results for k(Ra), and 
for the experimental check of the stopping-powe1 


correct ion 
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ments 


3. Final Radium Measurements 


3.1. General Setup 


The arrangement of the experiment was the same 
as that shown in figure 1 and described in section 2, 
except that the source was not directly below the 
chamber, and a 2-m stand of aluminum and Lucite 
was used in place of the paper tube. Figure 7 gives 
a schematic elevation of the final arrangement, in 
which there was a 50° angle between the chamber 
axis and the line joining centers of the source and 
chamber. The distance was determined by using 
two cathetometers, one vertical and the other hori- 
zontal. A fine thread supporting a plumb bob was 
suspended from the center of the chamber, positioned 
by a narrow groove cut into the chamber wall. This 
provided a reference point for the horizontal cathe- 
tometer measurement. Because of the time involved 
in making cathetometer readings before and after 
every ionization measurement, it was decided to 
substitute an exact replica of the radium source 
for this purpose to avoid unnecessary y-ray exposure 
to the experimenters. This necessitated a more 
stable support for the source than the paper stand 
used previously. 

The experimental setup was located in an air- 
conditioned room where the temperature fluctuations 
did not exceed a few tenths of a degree centigrade 
during the working day. Frequent readings were 
taken of the ambient temperature,’ pressure and 
relative humidity, and all ionization data normalized 
to dry air at 0° C and a pressure of 760 mm of Hg. 
The room was 37 m long, 18 m wide, and 18 m high, 
the closest wall being 6 m distant. 


had no effect on its reading, indicating 
te chamber was negligible 


e bulb of the thermometer 


radiant heat in e neighborhood of the grap! 
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3.2. Ionization Chamber 

The graphite-walled ionization chamber was con- 
structed as indicated in figure 2. Its dimensions 
were measured by a precision micrometer and its 
volume calculated to be 67.50 em®, allowing for the 
volume of the graphite collecting electrode, which 
was approximately 3mm in diameter and extended 
into the chamber 3.7 cm.* 

The purity of the graphite was checked spectro- 
scopically and found to exceed 99.9 percent. <A 
calculation of the effect of the remaining impurities 
(mainly iron) showed them to be entirely negligible. 
The density of the graphite was 1.7 g/em*, and it 
was found to be easily machinable to close tolerances. 


3.3. Measurement of Ionization Current 


A vibrating reed electrometer was used as a null 
detector in the current measurements, in the Town- 
send charge-compensation method [53]. The average 
rate of charge was measured during timed runs of 
about 60 sec duration by collecting the charge on a 
known capacitor (1014.8 wuf +0.05 percent The 
compensating potential was applied to the capacitor 
by a calibrated potentiometer accurate to 0.05 
percent. 

Time measurements were 
counting the cycles in a 


made by electronically 
ke signal accurate to 1 part 
in 100,000. Runs were started and stopped by a 
relay in series with the electrometer milliammeter, 
using a device described by Costrell and Attix [54] 

A potential of + 1,000 v was applied to the chamber 
wall to collect the ionization. This was sufficient to 


reduce the recombination losses to 0.1 percent, as 
determined from extrapolation on a plot of 1/ioniza 
tion versus collecting voltage. This 0.1 percent 
loss was corrected for inh the calculation of k Ra 


and was independent of source-chamber distance 
All ionization measurements were done with both 
polarities applied to the chamber, and the 
currents averaged to eliminate the effects of extra 
cameral ionization generated in the 
Usually the two polarities gave currents 
within a few tenths of a percent 


3.4. Radium Source 


The principal radium source used in the absolute 
gamma-ray output measurement was NBS Secondary 
Standard No. 33420, containing nominally 100 mg of 
radium element. The platinum (10% iridium 
capsule was cylindrical in shape, having 22 mm over- 
all length, 18-mm active length, 3-mm outer diamete1 
and 0.5-mm wall thickness, with tolerances of 
percent on these dimensions. It was completely 
filled with a homogeneous mixture of 142 mg of radium 
sulfate and 15 mg of barium sulfate, 
sity of about 2.78 g/cm’. 

This source had been previously compared with 
the primary radium standards on the NBS Standard 
electroscope.’ It had been found to have 


obser, ed 


connections 


ayvrececing 


packed to a den- 


y-radiation 


equivale nt to that of 94.40 mg 0.5 percent) ol 
. 4 check on the volume of the aluminum chamber by water weis gw 
found to give agreement with the micrometer measurement to 4 part n 10.006 
his was not done with the graphite be« suse of tsp 
* This is essentially an aluminum-walle« nization chamber with thick (1 er 
lead outer walls to filter out the soft , 
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radium element, in equilibrium with its produe ts an, bh. A 
contained in Thuringian glass 0.27 mm in thicknegg #/ ness 
The y-rays from the primary standard source gp Pt). fe 
atte onaiad by 0.5 percent [56] in the glass wal] and platint 


the radium salt itself. Henee, the y-ri acdis ation from App 
the secondary standard is equivalent to that from! conter 
bare, point source of (94.40 mg) < (0.995) =93.93 mp\ 07.461 
(where only the harder y-ray components ay jp calc 
compared). Ac 

The actual radium content can be obtained rotate 
considering the physical dimensions of the souree | within 


Its nonpoint nature has two consequences: (1) At As 3 
tenuation in the radium and barium salts; and (2) q 


: f . sec ont 
increase in the effective thickness of the platinuy for the 
wall because of its curvature. (From calculations by| ary St 


Owen and Naylor [57] our 0.5-mm platinum wall hgs of ra 
an effec tive thie kness of 0.56 mm. ‘i he corrections 13 mi 
are made in two steps, namely for: »5 m 


(a) Attenuation in 0.56 mm platinum, using the} thickt 
coefficient 0.93 em for heavily filtered y-rays,"] seribe 
This correction factor is 1/0.949. ~ | omissi 

(b) Attenuation in the salt for heavily filtered) radium 
y-ravs. Interpolating Whyte’s data for the com} was f 
ponents of the salts (Ra,Ba,S,O) one obtains ap} Oetol 


effective attenuation coefficient uw of 0.124 em 
Krom calculations of Paterson, Walsh. and Higgins 
[59], the correction factor becomes 1/0.989 


4.C 


Applying corrections (a) and (b) to the 93.9,-mg 
figure, the resulting radium content is 100.0) +03 
me. As a check on this figure, a calorimetric com- } 


parison with primary radium standard No. XIV was Th 


made by W. B. Mann, using the Peltier-effect twin} enous 
microcalorimeter that was built for the comparisol eviin 
of a number of Hénigschmid standards [60]. This} end v 
vielded a radium content of 99.6, +0.3 mg, whiel Atte 
being more directly obtained, is probably the more] exam 
accurate of the two values Thus, the two values ofjgr 
have been averaged by weighting the calorimetric} obser 
result twice, giving 99.7 0.3 mg as the radium con-} piece 
tent as of October L956 for 1 

If this radium were located at a point centered | echel 
within 0.5-mm platinum walls, no further correction} avoir 
would be necessary ; the actual radium content} Seat 
would be used in calculating k( Ra Instead, fur-| and 
ther corrections must be applied to obtain the effee- alter 
tive radium content, taking into account the attenu- | usua 


ation in the excess platinum wall thickness (due to the | 
its curvature), and the attenuation in the salt. For agall 
this the attenuation coefficients of White effec 
58] for lightly filtered radium y-radiation were used, the | 


purpose, 


as follows and 
a. Attenuation by the salt mixture itself, for pere 
radium y-rays filtered by 0.56 mm _ platinum | char 
ll 0) 170 em , was calculated to give a correction over 
factor of 0.986 seat 
iceman | \ 
As of October 1, 195+ sm content t he tandard sources 
bem te be th + vibed t thie! 
. yt ato 
G.N.W : - T 
tation coefficients used ’ urce correctiot i] nt irements Wet becs 
! with tor tw tvI Ar ‘ thick ieae 
\ nd an aluminu nside lit i 2 \ with thick the 
Bakelite walls [58]. The mea vith (D coefl ie 
r vy filt diun 4 2 y appl | 
fil ed . W l ‘ Or nt in a cm W ilsc 
psu 2mm in outside i 02 n 5 k We wu expost 
ume here that the radium salt plu wall had 1 g action om lr 
i 1 tu trur I , | 
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». Attenuation in the excess platinum wall thick- 

{ ness due to curvature (1. @., 0.56 1.50—0.06 mm 
Pt), for y-rays filtered by the salt, plus 0.5 mm 
platinum, gave a correction factor of 0.991. 


Applying these corrections to the true radium 


sontent of 99.7; mg gives an effective content of 
97.4, mg of radium element. This is the figure used 
in calculating k( Ra). 

} A check of the y-ray output as the source was 
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rotated about its axis indicated that it was isotropic 
within +0.1 percent. 

As an over-all check on the source corrections, a 
second source of different dimensions was also used 
for the K(Ra) measurement. This was NBS Second- 
arv Standard No. 33418, containing nominally 25 mg 
of radium in a platinum (10% iridium) capsule, 
i3 mm in over-all length, 9 mm in active length, 
95 mm in external diameter, and having a wall 
thickness of 0.5 mm. By the same procedure de- 
scribed above for the other except for the 
omission of the calorimetric measurement of the 
radium content) the effective content of this source 
was found to be 24.3, mg of radium element, 
October 1956 


SsOUrCe 


as of 


4. Corrections for Scattering and Attenua- 
tion of the y-Rays 


Chamber Walls and Connector 


The thickness of the chamber walls was more than 
enough to insure electronic equilibrium The 
eviindrical-wall thickness was 6.1 mm, the’ blank 
end wall 4.8 mm, and the connector end wall 3.2 mm. 


Attenuation and scattering in each of the walls was 
examined by increasing the thickness, using a 
ofjgraphite sleeves and disks, and extrapolating the 
lOnIZalion zero Wall thickness. These 
added as shown 1n figure 2, except that, 


series 


observed to 


pieces Were 


for the 50°-angle geometry, they were placed in 
echelon fashion line with the incoming y-rays to 
avoid leaving a gap at the corner of the chamber. 
Seattered y-radiation from the connector end wall 


was measured with the 50° angle 
altered 130°, giving a “mirror image” of the 
sual geometry. Graphite disks and a replica of 
the chamber connecting assembly were then placed 
against the blank end the chamber and their 
effect on the ionization observed By this method, 
the seattered y-radiation from the actual connector 


and the connector 


to 


ol 


and connes tor end wall was estimated to be 0.2 
percent Attenuation in the other walls of the 
hamber amounted to some 3.1 percent, giving an 


anal correction of 2.9 percent for attenuation and 

scattering of y-ravs in the walls and connector 
Mayneord 62] has pointed out that the effective 

thickness of the wall, with respect to the y-ray attenu- 


ation, is somewhat less than the actual thickness 
Decause the lOnIZINE electrons are produced within 
the wall material. From data given by Gray [8], 
oe 1 for 4 pv 
W l I ! isu t of 
exp Jose 


this reduction in effective thickness is about 0.26 mm 
of graphite for radium y-rays. This results in a 
0.1 percent decrease in the above attenuation cor- 
rection of 2.9 percent, changing it to 2.8 percent." 


4.2. Air Scattering and Attenuation 


The “true” absorption coefficient o, for radium 
y-rays is 0.32 percent per meter of air at 1 atm 
and 20° C. However, the effective coefficient for 
attenuation near an isotropic point source will be 


less because of the contribution of backscattered rays. 
This coefficient was estimated to be about 0.2 per- 
cent per meter, obtained from a calculation assuming 
only single scattering. A somewhat lower value 
would result if multiple scattering were taken into 
but the correction is not important for the 
| m) used in this experiment. 


account, 
small distances ( 


4.3. Scattering From the Floor 


Radiation scattered from the floor was measured 
by suspending the radium source in a small paper 
cradle attached by threads to the chamber. The 
height d of the source above the floor was then 
varied, keeping constant the distance )) from source 
to chamber, and observing the ionization in the 
chamber. It was found that a 6-mm layer of lead 
on the thick concrete floor reduced the scattering by 
a factor of 1/3. Additional lead thickness made no 
difference. 


Such a curve of ionization versus d is shown in 
figure 8, for J=100 cm and the lead covering on 
the floor. The floor-scattered radiation arriving at 
the chamber with )—100 em and d=200 cm is 


evidently about 0.2 percent. This applies strictly 
only when the source is directly below the chamber, 
as in the preliminary radium measurements (fig. 1). 
However, it is easy to show that changing to 50° 
geometry, as in figure 7, does not appreciably change 
the floor-seatter for a given d and D, if 
the scattering is small. 


correction 


were also included 





Corrections such as these (but measured with Co® y-rays 
n the data pre sented in figure 6. They were nearly the same as for radium. 
Actually the curve represents data obtained with several different D values, 
It was found that these could be normalized to fall on the same curve if the points 
were plotted with d(10C em/ D)) cm as the abscissa In other words, the amount of 
catt scales’”’ with the ratio of distances d/D, as one might expect 
on 
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4.4. Scattered Radiation From Other Objects 


In addition to the sources of scattered radiation 
which have already been treated, the following were 
also considered. 

The scattered radiation from the Lucite holder for 
the radium source was measured by doubling the 
thickness of the two blades of the ‘“fork’’, and was 
found to be less than 0.1 percent. 

The scattered radiation from all other objects 
together (including the lift truck and a concrete wall 
behind which the electrometer operator sat), was 
measured by interposing a lead block 10 em square 
and 15 em in thickness halfway between the source 
and chamber. This was supported on a_ light 
aluminum stand, which itself was observed to intro- 
duce no additional scattering. 

With a distance of 94 em between the source and 
chamber, the ionization with the lead block in place 
was found to be 0.7 percent of that obtained with the 
lead block removed. The scattering from the air 
(assumed to extend a great distance in all directions 
amounts to some 0.6 percent of the unobstructed 


reading, while the lead-covered floor contributes 
another 0.2 percent. These total 0.8 percent, ex- 
ceeding the observed ionization by 0.1 percent, 


which may be considered as agreement within experi- 
mental error. Thus the scattering by other objects 
is negligibly small. 


5. Experimental Results 


Table 1 presents the ionization in esu/em*-mgh 
(at 1 cm)'® measured in the graphite chamber with 
geometry as in figure 7. 
lonization results 


TABLI B with the graphite chambe 


Sou D u/em?-1 
rile 
1) x2 
1) ‘) sv 
1 2 5% OS 
1M) “4 8. 24 
“ 2 5 oH 
Ave s 


All the corrections for attenuation and seatter dis 
cussed above have been taken into account. There 
is apparently no systematic variation of the data as 
a function of D, this effect having been eliminated by 
the geometry. The check at 32 em with the 25 mg 
source is in good agreement with the data obtained 
with the 100-mg The average of 8.25, 
esu/em’-mgh at 1 cm need only be multiplied by a 
stopping-power correction for the non-air-equly alence 
of graphite to give k(Ra). 

Because of the existing uncertainty in the stopping- 
power correction, an auxiliary investigation was un- 
dertaken in an attempt to shed some light on that 
problem. 


source, 257 


* Note that 1 coulomt 2.008 < 10" esu 


300 


6. Auxiliary Investigation of the Stopping. 
Power Correction 

From the Bragg-Gray relation [2], the ionizatioy 
Ji produced by y-rays in free air is related to thy 
ionization Jz produced in a small cavity chambe 


with walls of atomic number Z by the equation | 


J 


where a is the ratio of the effective electronic 
stopping power (per electron/cem*) in the wall ang 
air respectively, and it is assumed that only thp 
Compton effect is active in delivering energy. This 
assumption holds for graphite, aluminum, and copper 
with cobalt-60 y-rays. (Davisson and Evans [64 
found no photoelectric effect in copper for cobalt 
y-rays.) If one measures Jz for cavities having dif. 
ferent wall materials, under identical conditions of | 
irradiation, the respective values calculated for Ju 
should coincide if the stopping-power data (and the 


cavity theory) employed in calculating s%, ar 
eorrect., 
Such measurements were made with cobalt-6 


y-rays in the course of the distance-effect study, and 
are shown in the form of Jey/J- and J,/J¢ in figure§ 
In order to apply properly the theoretical stopping. 
power factors s%, to these data, further measure. 
ments at reduced air pressures were necessary, to 
ascertain whether the cavities were small enough to 
satisfy the requirements of cavity theory. Both the 
conventional Bragg-Gray 
cavity theory [49] require the cavity to be small in 
comparison with the average range of the primary 
electrons. Thus the following experiment was per- 
formed, 


7. General Setup 


The geometry was that shown in figure 5, except 
that the chamber in each case was enclosed within a 
evlindrical aluminum tank 7.3 cm in inner diameter, 
25 em in length, and having a side-wall thickness of 
1.6 mm. The beam was oriented at 50° from the 
chamber axis. 

The air in the tank was dried by passing it slowl 
through drying columns containing magnesium per- 
chlorate. Pressures were measured by means of a 
mercury U-tube 12 mm in internal diameter, the 
other leg of which was continuously pumped to main- 
tain it at about 0.1 mmof Hg. ‘This low pressure was 
measured by a McLeod gage, taking care to eliminate 
vapors by means of a cold trap (CO, and trichlor- 
ethylene). Another cold trap separated the U-tube 
from the tank itself. The heights of the menisei were 
measured to 0.1 mm of He with a cathetometer. 
A reservoir tank of 65 liters was connected to the 
svstem to provide “ballast’’, making it possible to 
maintain pressures constant to 0.1 mm of Hg for 
hours. Due care was exercised to avoid transient 
temperature effects after changing the tank pressure. 

Most of the measurements were made with the 
cobalt-60 source (with filter) at 50 em from the cham- 
ber. However, a check was made of the pressure 
dependence of the graphite chamber with a smaller 
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cobalt-60 source at a distance of 8 em, yielding the 
came result within 0.1 percent. One may pr Toe 
that a geometrical effect such as that observed by 
White et al. [10] with spherical-shell chambers, is of 
no consequence here. 

The effect of scattered radiation produced byjthe 
thin aluminum tank may be assumed to be of second 
order with respect to the pressure dependence of the 
cavity ionization 


8. Experimental Results 


lonization Was measured in each chamber at pres- 
sures ranging from 0.1 to 1 atm. At each pressure 
and with each chamber, a saturation curve was taken 
with voltages up to 1000v. These are shown plotted 
as p/i versus 1/v in figures 9a, 9b, and 9c. By 
plotting against the reciprocal of the applied voltage, 
it is possible to extrapolate to 1/vy—0 to obtain the 
current at complete saturation, if the data are 
earnied to sufficiently large voltages to clve linear 
behavior [65] Thus, the effect of variation of the 
degree of saturation with pressure can be eliminated. 

Ordinarily the current measurements were made 
with both polarities and averaged. However, some 
gas multiplication was observed at high negative 
voltage and low pressure, causing the negative cur- 
rent to increase and diverge from the positive cur- 


rent. At 0.2 atm with —1,000 v applied to the 
chamber wall, and at 0.1 atm with 300 v, the 
increase was a few tenths of a percent. At 0.1 
atmos, 1,000 v, it was about 9 percent. Onset of 


gas multiplication in air occurs at 20 v cm~'(mm Hg) 
66), or for the present chambers assuming them to 
be simple cylinders) at —600 v for 0.1 atm, in 
reasonable agreement with observations. Because 
the multiplication occurs only in a small volume 
around the central electrode, it will be negligible for 
positive voltage on the chamber wall until it becomes 
very large for negative voltage. ‘Thus, it was possi- 
ble to avoid the effect by relying upon the positive 
current readings in cases where the negative current 
was influenced by multiplication 

The currents per unit pressure at l/ve=0 are 
plotted (as solid curves) in figure 10 as a function of 
the air pressure (at 0° C) for copper, aluminum, and 
graphite. These curves are normalized to each 
other at room pressure 0.92 atm) by means of 
the ratios Cu/C=1.191 and Al/C=1.084 obtained 
from figure 6. The graphite curve shows a slight 


decrease with decreasing pressure, whereas aluminum 
and copper both have a pronounced rise. It would 
be dificult to extrapolate these curves to zero pres- 
sure with any confidence in the result. because of the 
increasing slope at low pressures 


9. Comparison with Cavity Theory 


In caleulating the values of s%, the electron 
stopping-power formula of Bethe [43] was employed. 
I'wo sets of values for J, the mean excitation poten- 
tial of the stopping material, were used with the 
Bethe formula; those of Bakker and Segre [44] and 
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those of Caldwell [46]. These are given in table 2 Se expel 
For the Bakker and Segre set of J values, was a press 
taken as 80.5 ev, which was found by Wilson [67] to a °° A< 
be consistent with J4;=150 ev. J,;,-=94.9 ev was = highe 
obtained by multiplying the effective atomic number ® modi 
of air” (7.3) by 13, which is approximately the pro ae whic’ 
portionality factor found by Caldwell to relate / x 2 theo! 
and Z. . | of th 
The density (or polarization) effect in the graphite, 5 - _ | for t 
aluminum, and copper was treated according to the Ss Fr - * — pres 
method of Steinheimer, using his data appropriate ae ’ | cient 
to the Bakker-Segre and Caldwell sets of J values ~ i | Baki 
[68,69]. « mod 
The mean values of s%4, for cobalt-60 y-rays were = to tl 
calculated from the usual Bragg-Gray theory ap- S | ioniz 
proach by integrating sZ%, over the electron energy S 19 }  irrae 
from 0 to Jy, (the starting energy of a Compton re- j SRAPHITE It 
coil electron), and then integrating over the spectrum Ey — , expe 
of starting energies (70). Values of r A so obtained 
are riven in table 3 for the two sets of | al only 
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curve at 0.085 atm. These theoretical values are TABLE 4, “Sais calculated for cobalt-60 y-ray om Spence fror 
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trapolation of the experimental curves to zero pres Wh 
sure, Where they are meant to be applied. Further ~ | figu 
more, the Bragg-Gray theory has nothing to say — : = = — mol 
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data for electrons in air were taken from Spencer [71], 
‘y relating A to the air pressure in the cavity. 


Again normalizing the reciprocals of s%,, s4\, 


and sf to the graphite experimental curve at 
0.085 atm, the resulting theoretical curves are 
shown in figure 10. The calculations based on 


Bakker-Segre I values are clearly the closer to the 
experimental results. Agreement is closest at low 
pressures where the limitation on the theory that 
A< T, is best satisfied, as one might expect. At 
higher pressures, the air in the cavity begins to 
modify the spectrum of electrons crossing the cavity, 
which is assumed to be a negligible effect in the 
It is thus apparent that a further refinement 
of the theory Is necessary more exactly 
for the behavior of cavities where A is large. The 
present agreement at low pressure is, however, suffi- 
ciently warrant the conclusion that the 
Bakker-Segre J values, in conjunction with the 
modified Cay IL\ theory of Spencer, are to be preferred 
to the Caldwell J values in predicting the relative 
ionization in Cu-, Al-, and C-walled Cavity chambers 
irradiated by cobalt—60 y-rays. 


theory. 


to account 


good to 


It will be seen from the above discussion that this 
experiment does not directly affirm the accuracy of 
[,,-=80.5 ev, relative to Jc, I,);, and Icey, because 
only the of ionizations among the latter 
materials are compared. However, there are other 
confirmations besides Wilson’s work [67] indicating 
that ) SO.5 with the Bakker- 
Segre I values. 

Whyte [51] has recently suggested an empirical 
method for determining sZ, from an interpolation 
between the mean slopes of the ionization/pressure 
versus pressure curves for different wall materials. 
By this method, applied to air-filled cavity chambers 
of copper, aluminum, graphite, and beryllium, he 
1.003 +0.005 for cobalt—60 


ratios 


ev is consistent 


arrives at a value of s© 


yrays and A~25 kev. “The corresponding value 
from table 4, based on the Bakker-Segre J data, 
would be s§,—1.001, in close agreement. Applying 
Whyte’s method to our experimental curves in 


figure 10, vields s' 1.007 0.6 percent 
more than the theoretical value This must still be 
considered as fair agreement, however, because this 
empirical method is extremely sensitive to the slope 
of the experimental graphite curve. For example, if 
the ionization per unit pressure in the graphite 
chamber had gradually decreased by only 0.05 per- 
cent m place of the observed 0.15 percent in rong 
from 0.92 to 0.085 atm, the value obtained for 
s, would have been 1.002. This is about the range 
of accuracy one might expect of the graphite slope 
in this experiment. 


0.005 or 


Thompson [72] has recently measured the relative 
stopping powers of graphite, liquid nitrogen, and 
liquid oxygen for protons in the neighborhood of 


270 Mev. His J values, relative to 7.4279 ev, are 
I,~=70.2 ev, Iy=76.3 ev, and Jo=88.3 ev. Taking 
this Jy and Jo in conjunction with J,—198 ev for 
argon |73], one calculates J,,;,=79.8 ev. The s&s, 


at A=25 kev 
cavity theory becomes 1.011, including the density 


resulting from these data and Spencer 


correction according to Sternheimer [68]. This is 
apparently in disagreement with %3S,—1.001 ob- 
tained from Bakker-Segre J data. However, Whyte 
[51] has pointed out that part of the density effect, 
namely the ‘“‘zero-energy”’ part, has not been taken 
into account here. If the Thompson measurements 
had compared the stopping powers of graphite with 
that of gaseous nitrogen and oxygen, a different 
value of J,,,, closer to J, would have resulted. Stern- 
heimer |74] has calculated the magnitude of the 
zero-energy density effect in solid (or liquid) air as 
1.0 percent. Taking this into account corrects 
s§- from 1.011 to 1.001, in identical agreement with 
Bakker and Segre. Thus, there seems to be a fair 
amount of evidence in support of these results, and 
they may now be applied the radium y-ray 
measurements. 


10. Calculation of k(Ra) 


If one uses the Compton recoil-electron spectrum 
arising from the radium y-ray spectrum in place of 
that from cobalt-60, the data for 8S, given in table 
t are increased by only about 0.06 percent at each 
A, giving for the Bakker-Segre data: 


to 


10. 9 SIL. 8 


A(kev) 10. 2 20. 4 
001 1. 000 


s 1. OO2 1. OO1 l 


The dependence of the graphite-chamber ioniza- 
tion (per unit pressure) upon air pressure was found 
for radium y-rays to be indiscernible from that ob- 
tained with cobalt-60, indicated in figure 10. Thus, 
it will be seen that &(Ra) based on the graphite 
chamber measurements is independent of pressure: 


Pressure esu/em?/mgh A Scir k(Ra 
atmos ke 
l 8. 25 iS 1. 000, 8. 26 
0. | 8. 24, 13 1. OO1; 8. 26 


11. Estimation of Limits of Error in k(Ra) 


Percent 
1) Effective content of radium source LO. 4 
2) Chamber volume LQ. 1 
3) Compensating capacitor - 0. 05 
+) Compensating potentiometer tO. 05 
5) Interval timer =~ () 


(6) Distance measurements, source-to- 
chamber tQ, 
7) Measurements of ambient tempera- 
ture, pressure and humidity (com- 
bined) + Q. 1 
8) Measurements of scattered radiation 
and chamber-wall attenuation 
Stopping-power correction (S%,) 


bo 


+0. 3 


) +O. 3 


Combining these as random errors gives an estimated 
limit of error of +0. 6 percent for k(Ra). Thus, we 
can write 

k( Ra) 


8.26 +0.05 r/mgh at 1 em. 
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IS based 
in the 
correction 8s‘, 
power are not 


It must be stressed that this value of &(Ra) 
upon the validity of the conclusions reached 
discussion of the stopping- power 
Future measurements of stopping 
expected to disagree appreciably, but that possi- 
bility cannot be ruled out, in which case the value 
given here for k(Ra) can be adjusted to conform to 
the resulting improvements in s 


12. Comparison With Results of 
Other Workers 


A survey of the literature on the y-ray emission 
of radium reveals that this constant has been meas- 
ured in no fewer than 25 separate experiments 
The results of some of these measurements have been 
included in table 5, for comparison with the present 


TABLE 5 Values of k( Ra) obtained previous thy othe yrke 
Ra ghatl! 
1 Pet 
Author ype of ca Corres i ¢ 
harm be Valu for 1 
ven ittenua yu 
t tion 
uti cavity ‘ 
\\ 
Friedrich and Spherical, graphite, 4 s 5 ‘ 
Schulze, 1935 [4 mm thick 
Minder, 1937 Spherical, grap! $ 8 &.2 5 
mm thick 
Mavneord and Cylindrical, graphite, a3 a3 a2 
Roberts, 1047 [6 4 mm thick Cen 
tral rod of elektron 
meta 
(ira 103 7.8 ("y lriea phit x 4 x 4 * 
; n thick 
Kaye and Binks, Cylindrical, graphite 1.9 Ss. ] s 
1038 [9 3 mm thick 
White, Marinelli, Spmerienl bases shell a4 84 s 
ind Failla, 1940 mur in center 
io 
Darden and Shep Cylindrical, polysty &. Be a3 49 
pard, 1951 [11 rem 
Ghosh, Kastner C ylindrica polyst &4 x4 8.2 
ind Whyte, 1953 
12 
Avera 5 
» This figure also include i correction factor of 0.995 to take into account tl! 
revised value of the Canadian radium standard according to the finding f 
Davenport et al. [55 
> This figure is consistent with the Bakker and Segre stopping-power dat 


If, instead, the calculations of Laurence [34] (based upon the assumption that 
mean excitation potential J/=—13.57) are applied, the figure changed to 8.4 
which is the currently accepted value of k( Ra 


determination. These criteria followed 
selecting the data for this table: 

(a) Free-air-chamber measurements were excluded 
on the grounds that, to date, none of them have been 
free of plate separation inadequacy, recombination 
losses, and/or electric field distortion. 

(b) Measurements with cavity chambers having 
wall thicknesses inadequate for electronic equilibrium 
were omitted, 


were In) 


those 


(~3 mm of graphite as were in 
which the walls were not closely air equivalent 
(e. g., aluminum), or were not of well-defined com- 


position (e paper 


(c) Only the most recent determination by & ive, 
author was included. 

The values of k( Ra) as given by these authors yap 
from 7.8 to 8.4;, a spread of nearly 9 percent. Hoy. 
ever, if one applies corrections for attenuation of 

y-rays in the cavity wall in cases where this was no 

included, and for the non- -air-equivalence of the wall 
material (in accordance with the Bakker and Segy 
stopping-power results), the spread of results jg 
reduced to 4 percent, and the average value js 89 
r/mgh at 1 em. 

Another correction which has apparently beep 
omitted from all measurements except that 
of Gray [7]), judging from the fact that it was no 
mentioned, is the correction for the decrease jy 
electron density of the air, owing to humidity 
This will be an upward correction to k( Ra), usually 


these 


= 


in the neighborhood of 0.3 percent. Thus, the 82 
figure should be increased by roughly this amount 
The resulting number for k(Ra) les within the 
experimental error of the present result of 8.26, 

0.05 r/imgh at 1 em. Considering the many 


factors entering into such measurements, 
agreement may be to some extent 
However, it does indicate that /(Ra) 
known with better accuracy than has been heretofore 
supposed. 

Another interesting experiment was carried out 
by Gray [7], who applied cavity-ionization methods 
to determine the total energy in a large 


such close 
fortuitous 


absorbed 


aluminum block enclosing a radon capsule. Gray 
averaged his result with a value obtained calor 
metrically by Zlotowski [75] and arrived at 8.7, 


eal/hr per gram of radium (in equilibrium with its 
daughter products) as the best figure for the total 
y-ray energy output. This can be reduced to a 
value for k(Ra) by application of eq 4 in Gray's 
paper, using (¢,), 0.0892 « 107-** em? /electron and 
W ar ev per ion pair as given by Bay et al 
[76]. The resulting value for k(Ra) is 9.09 r/mgh at 
| em (for zero filtration of the radium 
The data of Whyte 
0.90, through 0.5 mm of platinum; thus, 
given 8.1; r/mgh at 1 em; in reasonably 
agreement with the results obtained by conventional 
cavity-chamber methods. Conversely, if one as- 
sumes 8.26 r/mgh at 1 em for the value of k(Ra), 
the total y-ray energy output becomes 8.84 cal/hr/g 
Ra. This is in good agreement with Zlotowski’s 
result of 9.1 +£0.15 cal/hr/g Ra, if one applies to it 
a correction factor of 0.98 for geometrical error and 
multiple scattering of y-rays, as suggested by Gray, 
vielding a value of 8.9 +0.15 eal hr/g Ra 


oo = 
Oo. 


source 


as rood 


The 


discussions on the 


authors for 


thank H. O. Wvyekoff 


various phases of the work; L. \ 


frequent 


Spencer for his contributions in the interpretation 
of the cavity-chamber measurements; and W. B 
Mann for his calibration of the radium source by 
the calorimetric method 
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[58] indicate a transmission of | 


| 
k( Ra) is 
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Radiation From Slots on Dielectric-Clad and 
Corrugated Cylinders 


James R. Wait and Alyce M. Conda 


An approximate 


evlinder with a thin dielectric coating 
for practical purposes 
rugated evlinder is derived 


clad and corrugated eylinders 


1. Introduction 


The radiation from slots on smooth circular eylin- 
ders now well understood However, if the cV- 
indrical surface is coated with a dielectric film, the 
patterns can be appreciably modified. Although a 
rigorous expression can be derived for the fields of 
an arbitrary slot on a circular cy linder with a dielectric 
the resulting formulas very cumber- 
some For this it worthwhile to 
modify the final expressions for the field by making 


Is 


coating, are 


reason, seems 
several approximations on the basis that the thick- 
ness of the dielectric film small. Furthermore, 
it is of interest to consider the problem by using 
boundary conditions This latter 
method can be used to treat the corrugated 
eviinder unde! the restriction that the teeth are 
closely spaced with respect to the wavelength. 

An attempt will be made in the present paper to 
nvestigate the accuracy of the simplifving approxi- 
A comparison 
and 


Is 


approximate 


also 


mations for dielectric-clad cylinders 
made thin dielectric 
orrugations on an axially slotted circular cylinder, 


s also between coatings 


from the standpoint of the directionality of the 
radiation, 
2. Dielectric-Clad Cylinder 
The evlinder is taken to be of radius a and the 


coating has a radius h, as indi- 
eated in fi Ib 
are be 
The electrical constants of the coating are e and Mi, 
nd those of the air) space outside 
and yu The tangential electric fields on the 
slot are to be specified In the case of a thin axial 
where the slot is parallel to the eyvlinder axis), 
he electric field, /, 
tically polarized, 
It was shown before that 


oncentric dieleet ri 
la and 


l (‘vlindrical coordinates 


0.0, chosen to coaxial with the evlinder 
homogeneous 


are € 


slot 
in the equatorial plane iS ver- 
Ol ly il 


iootnote | 


component 


possessing 


sett 


a” a 
ID E V2’) Pid la 
-T. i ~ 
where | En w—2r/iree space waveleneth, and 
where | is the transverse voltage along the slot 
rR Wait a: W. EF. Mientka. Slotts intenna with a dielectric 
g,J.R . BS 68, 28 ’ R P27 


I 


{ 


formula is derived for the radiation pattern of an axially slotted 
The accuracy of the formula is shown to be sufficient 
Using a similar method, the pattern function for a slot on a cor- 
I:xtensive numerical results are presented for both dielectric- 








‘IGURE la Azial slot on a metallic circular cylinder of infinite 
le ngth with a dielectri coating. 
ioe ; 
Friis a 
FiGuRE Ib Sectional ew of the dielectric coating. 
hat extends from , to 2. at p=a and ¢=0. 


The pattern factor that characterizes the azimuthal 
variation of the radiated field is given by 


), time /2 
co 
al = €, S 7 Qe (2) 


P @Q ; s Pp ; 
7 kb h (L)m ‘( “a \H.,(kob) Tn, H’, (Keob) Ln 


where 


l,, = J. (kb) HM, (ka) —J,, (ka) HH, (kb), (3a) 


(3b) 


J), (ka), (kb), 


are the Bessel 


kb) TT, (ka 
HT, 


Lad 


and .J, function 


and 


k €u Ww, 

and the Hankel function of the second kind, of 
order m, respectively. The prime indicates the 
derivative with respect to the argument of the 
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function. When the slot is of infinite length, the 
radiated field Is a evlindrical wave and the field 


is given by 


E 16D wV ( ‘ ye 


Tipp 


P @ Ib 
which has the same azimuthal dependence as the 
spherical wave radiated from a finite slot 

Some numerical values for the function ?’)(¢@ 
given in a previous paper (see footnote | 
considered were for ka=2 and 3. and various values 
of b/a, e/e, and p/w. The numerical work involved 
is extensive. In view of the complexity of the above 
formula for /’?(@), an effort was made to simplify it 
by making several judicious approximations. The 
validity of this procedure is best checked by compal 
ing the numerical values computed from the approxi- 
mate and the exact formulas This work will be de 
scribed in what follows 

Noting the Tavlor expansions 


were 


ry 
| he CUSCS 


J), (ka) =F) (kb ka—kb).J” (kb 
HT, (ka) = H1,, (kb ka—kb\ IT (kb 
it follows that to a first order in /(b—a 
T,2—|J,H1,.—J,H,,| k(b—a { 


The argument of the Bessel functions. .J,, and /7/,,. is 
kh. and the double prime indicates 2 second cle rivative 
with respect to kh Making re 


peated use of the re 
cursion formulas 


I AD nn — Hind hh (} 

it is easy to show that 
Tat (1— Fp) (75°) 
In a similar manner, an expansion in ascending 


powers ol] kih—a) can be devel ped for / Retain 
ing terms to first order in k(h—a) leads to 
tot" J, .H 
rikh h F . 
2 bh—a 2 
rik 4 ' h = | 
 —e X 
rika 
“oR. W | 
I I} i | 
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basis of the above derivation it 


and 1 


On the 
expected that these formulas for 7 
if (b—a)<b and k(b—a)< 1. 

The expression for the pattern factor now takes 
the relatively simple form 


would he 
are valiy 


l é,, COS moe 


‘ 
P(@ ~ : Q 


Bo HL B)+G,11,(B 
wiere 
mi A 
G U/l BR A | = If) 
( N?B ) " 
with 1 j a, Bh j h. \ j ke. It ean be seen thar 
if k=k , or if b=a, the equation for the patter 
becomes 
P | — t COS 711 0O¢ - 
PAS WA 
which is the well-known result for the uncoate 
evlindet see footnote | 
3. Corrugated Cylinder 
Sefore discussing numerical results, it is of som 


to consider 2 closely related problem A 


interest 


line megnetic source (of strength A volts) is located 
at p=p. @=—0, parallel to a cireular evlinder of 
radius 6 and infinite length (see fig. 2 The ratio 
between the tangential electric field I and the 
tangential magnetic field (/7.) on the surface of th 
evlinder is to be specified That Is 


i... aa 
é&& Op iaasil 


I] and where / isthe bor nadary Impedance 
Following the method suggested previousls 


where y 


sce foot- 


note | thr solution for o hean be written 
€,4 IK ‘ 
Y= DO ent (ope) [In (kop) + Ann (I 
COs MO for 0 { 2a 
nha 
é why ‘ 
Y= DD nbn (kop) | Fn (kopo) +Am ET nd 
COS moto p p 12b 
where A, is to be determined from the boundary 
condition at p h In the present ense it 1s easil\ 
found that 
{ ee | h GJ } h 19 
: iZCc 
where G iZ no. 7 \ Mo € 
The above result Is now specialized in two Ways 


Firstly, the far field approximation is made (A9p>! 
and, consequently, the leading term of the asvmp- 
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ruld hy 


e Vali 


y takes 


i} tha 
utter 
1] 

‘Oute 
SOs 
. 
} 
Cae ; 
er so } 
racy [ 
| thy 
f the 
I 
re 
foot- 
' 
| 
an | 
| 
ry | 
sily | 
Ns 
> | 
ip- 





totic expansion of FZ, (kop) can be used. Secondly, 


the source 1s allowed to approach the evlinder 
A Then. utilizing the Wronskian for J, and 
H the iar field enn he written 
> 
> Mess § f NOld , 
he ( €v | i=) d © |: 


‘pattern factor ‘7(@) Is iven by 


(Ad pe 7 14 


where B i h 
This formula 

for P(o), the 

dielectric coating 


although not strictly applicable to curved surfaces 


n form to that 


Is almost identical 
pattern of a slotted evlinder with a 
The surface impedance lunetion, 


vould De Ive by 


e tan | h a)S2t+ eh h a), LS 


viel s thr uppropriate value for a thin dielectric 
him of thu key ess fp aqaona flat perfect conductor 
fora plane wave at normal incidences Therefore, 
(i~ tan NJ | 
\ 
~ RB | 16 
S eresting to note that 
(y i | if 
~ | = = ] . | 
( ( V?B ) ( VB ) 


lf the retractive index, V. of the CoORntng is large, the 


juantitv mm V7" is small compared to unity for 
significant values of m (i. e., m<2.1) in the summa- 
tion. Consequently, G,~G, for thin dielectric 
coatings of high refractive index In the case of 


polystyrene and other such dielectric materials, Nis of 
t} \V** is comparable 
of A In this 


e order of 2 and the term » 


to unity for values of m of the orde 


case, it is not justified to use an approximate bound- 
ary condition. 

Although there are severe limitations to the use of 
approximate boundary conditions for dielectric-clad 
surfaces, they become very suitable for characterizing 
corrugated surfaces. For example, if axial grooves 
of width, w, and depth, h, are cut cireumferentially 
around the metal evlinder, it follows that the average 
surface impedance at p=6 is 
. 


Zing it i an 


where dis the periodicity of the grooves in the cireum- 
ferential direction, and N is the refractive index of 
the material filling the grooves. Equation (18a) is 
obtained by regarding the grooves as shorted trans- 
mission lines of electrical length, Nkh, and consider- 
ing only the fundamental (TEM) mode. This can 
be expected to be valid * if d is small compared to 
the wavelength. In the limiting case where A tends 
to zero, the evlinder again behaves as a perfectly 
conducting object. When the width of the teeth 
is small compared to the width of the grooves, 
such that w~d, it is seen that 


) tan Nkgh 


(18a) 


, ; U | , 
Zain (/ ) ap tan Nigh (18b) 
ol 
ii~ tan N(B-—A 
uy N ; 


where Z corresponds to the surface impedance for a 
plane wave at normal incidence on a dielectric film of 
thickness b—a In the present instance, this 
alwavs can be expected to be a good approximation 
since energy flow in the circumferential direction in 
the dielectric film is not permitted because of the 
presence of the teeth. 

The relative location of the slot and the teeth on 
the corrugated surface has not been specified... Pre- 
sumably the slot could be cut in the bottom of one of 


the FTOOVeES 


4. Numerical Results 


The approximate formula for the pattern function 
of finite or infinite length) on a pure 
clad evlinder Is 


of an axial slot 


dielectric u uu 


COS 111 QO¢ 


-G, HH, (B 


LS ¢ 19) 
B azo H,,(B 


) 
/ o)™ 


mpedance 
1a plane con- 


linders, J. Appl 
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where G, B—A) |1\—(m?/N*?B*)| A/B. 
tude*land "phase of P(¢) for ¢ from 0° to 
shown listed in tables 1 and 2 The 
labeled “‘exact’”’ are based on the exact formula for 
P(¢) given by and the columns labeled 
“approx.” are eq (19). The amplitude 
values shown are normalized to unity at ¢=0 and the 


The ampli- 
ISO 
columns 


ure 


eq cs >. 


based on 


phase, which is -arg. P(¢é), is normalized to 0° at 
@ 0). 

The cases for the smaller cylinders (A=2 and 3 
are treated by both the approximate and exact 


techniques. The excellence of the approximate 
formula is evidenced by a@ comparison of the appro- 
priate columns. For the case of the large cylinder 
A=8), only the numerical results from the approx- 
imate formula have been obtained. The correspond- 
ing*exact numerical data for A=8 could be obtained 
only from extensive and tedious computations. It 
is believed, however, that the approximate results 
for this larger cylinder would not differ more than 
5 percent in amplitude and 10° in phase from reality 

The corresponding formula for Q(@), the pattern 


of a slot on a corrugated evlinder, is identical in 
TABLE | Ly 
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form to that for /’(6), 


W here 


except G.. is replaced by ( 


— ee 
Gy vy tan [A B A 


In this case, the teeth are of small width compared 
to their separation. The refractive index of the 
dielectric material filling the grooves is N and the 
depth of the grooves is b—a. One might describy 
this situation as a dielectric-clad cylinder with radia] 
fins contained within the dielectric coating 
3). For purposes of comparison with the noncor- 
rugated cylinder, Q(@) has been calculated for the 
sume range of values of A, B, and N. Results for 


see fig 
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and 


the normalized amplitude phase of (/() ure 
listed in tables 3 and 4 
TABLE 3 Implitude of Ol 
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5. Graphical Presentation of Results 


The salient features of 
best illustrated by 


the radiation patterns are 
graphical presentation. In figure 
$a, P(e . using the exact formula, is plotted for 
i=2.0, and B=2.0, 2.1, 2.2, 2 with N=2.0. 
This shows ¢ learly the effect of varving the thickness 


f the dielectric film. The corresponding results for 


P(¢), using the approximate formula, are shown in 
igure th The two sets of pacle rhs are identical lil 
appearance The most significant feature is that 
the dielectric film enhances the field to the rear 
The pattern () o for the corrugated evlinder for 
the same values of A, B, and N is shown in figure 4¢ 


There is a general similarity between these and the 
corresponding patterns for the 
tric film (i. e., fig. 4a th 
corrugations further enhance 
ward dire tion 


uncorrugated cielee- 
It appears that the 
field in the back- 


or 


the 


The effect of varying N, the refractive index of 
the dielectric coating, is shown in figures 5a and 5b 
where |/?(¢)| is plotted for A=2.0, B=2.2, and N 
1.5 and 2.0. As would be expected, the distortion 
of the pattern for N=1.5 from the uncoated case 
(i. e., A=B=2.0) is less than for the higher value 
of N. The corresponding patterns for Q(@) and 
N=1.5 also have less distortion than that for N 
2.0, which was plotted in figure 4c. This is readily 
evident from the formula 


G > tan N( B—A)~(B—A)- ns 7 66.4 
A 3 
which to a first order in (B—A) is independent of 
N. but tends to increase with N when B—A< is not 
small. 


The patterns, P?(@), for a slightly larger cylinder, 


(A=3.0), are shown in figures 6a and 6b using the 
exact and approximation formulas, respectively. 
The rear lobes are now becoming smaller. The 


enhancement, resulting from the presence of the 
coating of the field in the backward direction, 1s 
again quite significant. 

Finally, the pattern |?(@)! for the large dielectric- 
coated cylinder is shown in figure 7a for several 
thicknesses of the coating. The corresponding 
pattern |Q(¢) for the corrugated cylinder is shown 
in figure 7b. It is strikingly noted here that the 
pattern for the corrugated cylinder has a_ pro- 
nounced lobe structure. This is evidence that sur- 
face waves are being guided more efficiently, due 
the of the corrugations. This view- 
point is further substantiated when eq (19) is trans- 
formed to a Watson-Bremmer type°® residue series. 
The individual terms of this mode series are then 
in the form of peripheral surface waves. The 
dominant mode is of the type studied by Elliott 
(see footnote 3 


to presence 


6. Conclusion 


It is seen that considerable simplification can be 
made to the general formula for radiation from a 
dielectric-coated, axially slotted evlinder. This new 
approximate formula, which is valid for thin coat- 
is only slightly more complicated than its 
counterpart for an uncoated cylinder. It is shown 
that a direct approach, using approximate boundary 
conditions, is not generally valid for curved dielectric- 
clad surfaces due to the azimuthal flow of energy 
within the dielectric. On the other hand, the form- 
ulas derived using the surface impedance concept 
applicable to a corrugated surface, and the 
patterns calculated therefrom have similar charac- 
teristics to their dielectric-clad counterpart. Gen- 
erally speaking, for a specified normal surface 
impedance, the corrugated cylinder modifies the pat- 
tern greater extent than the dielectric-clad 
evlinder. 


$H. Bremmer, Terrestrial rad vaves (Elsevier Publishing ( 
York, N. Y., 1949 
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| Infrared Emission Spectrum of Methane at 3.3 Microns' 
Earle K. Plyler and Lamdin R. Blaine 


The 
served in the region from 2,820 to 3,180 em 


emission spectrum of methane from the flame of a 


1 


Bunsen burner has been ob- 


Many lines have been measured in the P-, 


(J-, and R-branches. The P-branch was observed to P-28 and the R-branch to R-17. 

The spectrum was observed from the inner cone of the flame and with a rich fuel 
mixture the P-12 line was most intense. This intensity distribution indicated a tempera- 
ture of about 200 Ix for the heated As 


1. Introduction 


In the measurement of the emission spectrum from 
a flame [1] * with methane gas as a fuel, it was shown 
that the bands of greatest intensity were produced 
by the molecules of H,O and CO, at elevated tem- 
peratures. In further studies it was shown [2] that 
weak bands are produced in the infrared spectra of 
flames from the molecules of OH, CQO, and CU. A 
weak emission band Was observed also in the region 
of 3.3 u from the inner cone of a methane-oxygen 
fame. This band was identified as arising from the 
heated methane molecules before combustion took 
place. No rotational structure was observed in the 
band, but the position and type of band observed 
made it highly probable that it was an emission band 
of methane. The present work was undertaken to 
ascertain if the spectrum when measured under high 
resolution contained a rotational structure which was 
similar to that of methane. Also from the spectrum 
under high resolution it would be possible to deter 
mine the temperature of the heated gas. 


2. Experimental Method 


The spectra were measured by the use of a grating 
spectrometer having a grating of 10,000 lines per 
inch. Other details concerning the spectrometer 
have been given in a previous publication [3]. 

Under the most suitable conditions a resolution of 
0.05 em! is obtained in the region of 3.3 yu, but on 
account of the low intensity of the emission of the 
flame, it was necessary to widen the slits so that the 
resolution obtained in this work is about 0.10 em™!, 
Two types of burners were used for obtaining the 
methane spectrum. The first type was a glass- 
blower’s torch where mixtures of methane and oxygen 
were burned. The intensity was then compared 
with that obtained from a flame of a Bunsen burner 
in Which a mixture of methane and air was used. 
It was found that the radiation from the inner cone 
of the flame of a Bunsen burner was more intense in 
the region of the methane band, and it was used for 
measuring the spectrum. The flame was low in 
intensity and a group of mirrors was used to increase 
the available energy on the entrance slit of the spec- 


This work w ipported 


trometer [4]. In the use of the optical system, part 
of the radiation is focused back on the flame. The 
flame absorbs some of the reflected energy, but the 
amount is small. It was found that the strongest 
lines showed an increase in the energy on the entrance 
slit by a factor of 3.5. This factor of increased 
energy approaches the value of 4, which would be 
the gain in energy if there were no absorption in the 
flame and no reflection losses from the mirrors. 

In observing the spectrum in the 3.3-u region a 
rich fuel mixture was used for the flame. The 
Bunsen burner was adjusted so that an inner cone 4 
in. in height was obtained, and a section of the inner 
cone about 3 in. above the top of the burner was 
focused on the entrance slit of the spectrometer. 


3. Results 


The observed spectrum from 2,820 to 3,180 em7! 
is shown in figure 1. The P-, Q-, and R-branches of 
the 1-0 transition of methane stand out clearly, 
but there are present a number of lines that are not 
a part of the transition producing this band. Some 
of the extra lines are part of the emission spectrum of 
H.O. The emission spectrum of water became so 
intense at 3,180 em7! and at higher frequencies that 


the methane lines beyond R-18 could not be 
identified. In addition to the water vapor spectrum, 
many small lines between the main series in the 


P-branch arise from hot bands, but they were not 
classified and no other bands except the 1—0 transi- 
tion were identified. On increasing the slit width a 
large number of lines became sufficiently intense for 
detection and the band extended to longer wave- 
lengths. However, measurements were made on 
the positions of the lines with a narrow slit and under 
these conditions the main lines of the P- and R- 
branches were overlapped only slightly. 

In several scannings of the spectrum the P-12 
line was the most intense. Calculation shows that 
this intensity distribution of the rotational lines 
leads to a temperature of about 1,200° K for the 
heated gas. This is an average across the inner 
cone. The molecules on the outer periphery of the 
inner cone, close to the burning gas, are probably 
at a somewhat higher temperature and those at the 
center of the cone may be cooler than 1,200° K. 

The present study shows that a molecule used as 
a fuel for combustion may radiate its own character- 
istic spectra if it is sufficiently heated before combus- 
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tion. This is a useful method of measuring the 


spectra of some gases at elevated temperatures 


The emission spectrum is more complex than the 
spectrum observed mn absorption because the eleva- 
ted temperature increases the intensity of some 
rotational transitions with low probability. The 


additional lines in emission arise from the transitions 


of high quantum numbers and are useful in obtaining 


a better description of the energy states of the 
molecule 

Another method for the study of the emission 
spectra of molecules hs om been worked out by Wilkin- 
son, Ford, and Price [5]. The infrared emission of 
.gases is obtained by a rs uliofrequency discharge 
which produces bands of the ground state and of the 
higher states. This method of excitation has some 
advantages over the flame for the study of emission 
spectra, especially since molecules can be measured 
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Term Analysis of the First Spectrum of Rhenium (Re I) 
P. F. A. Klinkenberg,' W. F. Meggers, R. Velasco,? and M. A. Catalan? 


With the aid of new data on wavelengths, intensities, and the Zeeman effect, the struc- 


tural analysis of the first spectrum of rhenium (Re 1) 
lines that are explained as transitions among 282 atomic energy levels. 


has been extended to include 2,764 
This analysis 


accounts for 90 percent of the total observed intensity, although only 64 percent of the 


total number of lines has been classified. 


From the Zeeman effect, magnetic splitting 


factors have been derived for 75 percent of the levels, and nearly 40 percent of these have 
been grouped into designated spectral terms ascribed to specific configurations of electrons. 
The normal state of neutral Re atoms is 5d‘ 6s? ®S.y, and the ionization limit is approximately 


63530 kaysers or 7.87 electron volts 


1. Introduction 


For a quarter century the atomic emission spectra 
of rbenium have been investigated intermittently by 
several researchers, and now a full report on the 
present status of the analysis and interpretation of 
the first spectrum of rhenium (Re 1) is presented in 
this paper. 

In 1931 the first useful description (2500.59 to 
8797.6 A) and partial analysis of Re 1 was published 
by Meggers [1],° who classified about 500 lines as 
combinations of 115 atomic energy levels, 24 of 
which were assigned spectral term symbols. In a 
second paper [2] the spectrum was extended to 
longer waves (10639.44 A), and 5 additional metasta- 
ble energy levels were reported In 1947 the analysis 
of Re 1 was considerably extended by Klinkenberg 
[3] who used new data in the MIT Wavelength 
Tables [4], principally between 2500 and 2000 A, 
and increased the number of levels to 172 and the 
number of classified lines to 1,171. In a second 
paper [5], he increased the number of levels to 221, 
the number of classified lines to 1,624, and identified 
many terms (of even parity) with electron configura- 
tions. Since 1946 Velasco has also worked inde- 
pendently on Re 1; in 1949 he [6] pointed out some 
discrepancies between his levels and Klinkenbere’s, 
and in 1952 he [7] reported measurements between 
2000 and 1500 A. revised some levels reported by 
Meggers [1], classified about 150 lines with 29 new 
levels, and correlated many spectral terms (even 
and odd) with electron configurations. 

The above mentioned contributions to the inter- 
pretation of Re 1 were all made without the benefit 
of Zeeman effect; they were based entirely on wave 
numbers and intensities, and were guided by com- 
parisons with other analyzed spectra, and by 
quantum theoretical predictions. In order to make 
further progress with the analysis of Re 1 it was felt 
hecessary to make new descriptions of the are and 
spark spectra of rhenium and _ to investigate the 
Zeeman effect 

A new description of the are and spark spectra 
of rhenium was supplied by Meggers [8], who used 
solid electrodes of pure rhenium and obtained wave- 

Zeeman Laboratorium, Amsterdam, The Net! 


? Instituto le Opt , Madrid, Spain 


? Figures in bracket ndicate the literature references on page 326 
pug 


erlands 


lengths and intensities for approximately 6,000 lines 
of which about 4,200 were assigned to Re 1. These 
data, supplemented by those of Velasco [7] from 
are spectrograms made by Catalan with a vacuum 
spectrograph at Princeton University, comprise an 
improved list of Re 1 lines ranging in wavelength 
from about 1700 A in the extreme ultraviolet to 
12000 A, the photographic limit in the infrared. 
This list was used by Klinkenberg in making this 
final attack on the Re 1 spectrum; new levels were 
found and the relative values of all atomic energy 
levels were recalculated. 

The splitting of spectral lines by magnetic fields 
Zeeman effect) is extremely useful in analyses of 
complex spectra because it reveals (by the number 
of components) the inner-quantum numbers (J) of 
both levels, and often identifies (by the splitting 
factors, g) the term types (L) and multiplicities (r). 
At the Massachusetts Institute of Technology the 
Bitter magnet [9] was constructed and operated for 
this purpose, and the MIT wavelength project [10] 
included Zeeman spectrograms of rhenium. These 
spectrograms were made just before World War II 
and during the war years they were in the possession 
of graduate students who had no opportunity to 
measure and interpret them. They were finally 
loaned to the National Bureau of Standards where 
they were examined and stored. In 1949, through 
the courtesy of G. R. Harrison, Meggers made 
greatly superior Zeeman spectrograms of rhenium 
in the Spectroscopy Laboratory at MIT. These 
were hand-measured at the Bureau, the wavelengths 
of Zeeman components were computed, and some 
resolved patterns gave a start on the analysis of 
Re m in 1950. At that time the record books were 
turned over to Catal4n and Velasco, who fully 
exploited the Zeeman data for the determination of 
J-values and calculation of g-factors for energy 
levels in the first two spectra of rhenium, Re 1 and 
Re u. <A preliminary report [11] on these results 
indicated that g-values had been derived for 164 
Re 1 levels, and for 39 Re m levels. The combined 
efforts of three research groups in accumulating and 
analyzing spectral data for Re 1 have improved and 
extended the analysis to include 2764 classified lines 
arising from permitted transitions among 51 low 
even, 20 high even, and 211 middle odd levels, 
with g-values evaluated for 75 percent of all levels. 
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The details concerning established levels and classi- 
fied lines are presented in tables below, and are 
followed by a discussion of the experimental and 
theoretical structure of the Re 1 spectrum 


2. Atomic Energy Levels of Re | 


Before this analysis could proceed it was necessary 
to convert the newly measured wavelengths 
vacuum wave numbers, and for this purpose the 
Edlén formula for the dispersion of standard air [12] 
was used as recommended in 1952 by the Joint Com- 
mission for Spectroscopy [13]. Then all previously 
discovered atomic energy levels of Re 1 were recal- 
culated with the new data so that old ct new levels 


to 


would be consistent Many new lines in the list 
could be immediately classified as transitions be- 
tween known levels, and nearly all levels adopted 
prev a [3,5] were confirmed. The exceptions are 
334112, 3389,, B481gn, 3575,, 36415, 38011). 
IVS 54, S866+, 5626,., and 5829, , four of which 


had been characterized as questionable before [5] 


All the rejected levels belong to the odd group. The 
analysis was continued with the remaining unclassi- 
fied Re 1 lines with the result that 12 low even levels, 
> high even levels, and 46 odd levels could be added 
to those previously found; they are reported for the 
first time in this paper. In addition, 11 of the odd 
levels proposed by Velasco [7], and 8 qualified as 
provisional by Klinkenberg [5], have been confirmed. 
The total number of established atomic energy levels 
resulting from this analysis of the Re 1 spectrum is 


now 282 which is the sum of 51 low even, 20 high 
even, and 211 odd levels. These energy levels are 


in which successive columns display 
an abbreviated designation, the level value (in 
K=cm"'), the inner quantum number J, the mag- 
netic splitting factor g, and the origin of the level 


listed in table 


The abridged designation of levels is according to 
the system adopted by Klinkenberg [3] in 1947: 


‘The odd and high even levels are given by the first 
digits, the ground levels (which are more widely 
spaced) by the first 3 digits; however where am- 


biguities occur an alteration by one or more units of 
the last figure is allowed. The odd terms are printed 
in italies”’ 

The J-values have been fixed either by the Zeeman 
effect or by the combinations, and a number of the 
J-values in earlier papers have been corrected in this 
analysis: for level 261 the value 5/2 has been changed 
to 3/2: for level 278, 5/2 to 3/2: for level . ee 9/2 to 
+ /2; for level 4081, 3/2 to 1/2; for level 4 , 3/2 to 

2: for level 4637, 11/2 to 9/2: for level pote. 3 fa to 
5 2; for level 5221, 3/2? to 5/2; and for level 4 3/2 
to 5/2. An important contribution of the Lee eman 
effect has been the absolute determination of the 
J-values of the levels for lines whose magnetic split- 
ting has been completely observed and resolved 
In all previous analyses of the Re 1 spectrum the 
J-values were assumed to be those required by 
theory for the identified terms and the remainder 
were then derived from the level combinations 
according to the selection rule that AJ=0 or for 
permitted transitions 


~ I 


The Zeeman-effect spectrograms were made with 
magnetic field intensity of 81,000 oersteds, the field 
intensity being determined from the 


impurity lines of Ag, Cu, Mg, and Ca. 


Their 





splitting of | 


measurement was complicated by hyperfine strue. | 


dissymmetries usually due 
effect. These difficulties 


tures, and by 
Paschen-Back 
trated respectively 
spectra reproduced in figure 1. The 
of spectrum shows the resonance lines 
Zeeman components are complex and wide with 
hyperfine structure except when the magnetic 
quantum number is 1/2. The lower strip displays 
portion of the Re 1 spectrum in which most Zeeman 
patterns are so badly perturbed that they cannot be 
interpreted without great difficulty. When the 
classification of these lines is examined in table 2 jf 
is obvious that the asymmetrical Zeeman patterns 
arise from strong Paschen-Back interaction of the 


are illus. 


up er st 
spo. rip 


closely spaced even levels designated as 5097... 
5098+, 5099 and 510330, 5104.0, 5105, 0. Often 
even fully resolved, symmetrical Zeeman patterns of 
Re lines are not easy to interpret (apart from 
J-values) because the splitting factors (g) usually 
depart more or less from Landé values. In faet 


these q-factors prove that besides configuration inter- 
action the electron coupling in Ke is neither ZS nor 
JJ, but usually intermediate; this will be discussed 
in connection with spectral term designations. A 
few of the levels in table 1 have two g-values owing 
to incomplete observations of the Zeeman patterns; 
in these cases the second possible value of g is given 
in parentheses. Magnetic splitting factors, g, are 
now known for more than 75 percent of all known 
levels of Re 1. 

In table 1 the column headed ‘“‘Origin”’ shows where 
levels previously known have been reported for the 


first time, according to the code explained at the 
end of that table. This gives a view of the progress 
from 1931 to 1956 in searching for atomic energy 
levels in the first spectrum of rhenium. Finally 


figure 2 gives a survey of the positions of presently 
known Re 1 energy levels grouped according to 


J-values 


3. Spectral Lines of Re I 


Attempts describe the spectra of rhenium, 
including the magnetic splitting (Zeeman effect), are 
plagued by relatively hyperfine structure 
exhibited by most of the lines, many of which have 6 
components (see fig. 1 This makes it difficult to 
estimate relative intensities and in 
hyperfine structure is easily mistaken for fine strue- 
ture. For lines that show flag patterns a mean 
wavelength was recorded, but when hype rfine 
components appear as two lines or groups of lines it 


to 


course 


some Cases 


is impossible to distinguish them from close fine 
structures. A good example of the latter are the 
two close levels 27384.40 and 27385.20 K, both 


having J=', which are retained in tables and 2 as 


individual atomic energy levels although there is 
evidence that they are hyperfine levels. Another 
example is 1,703.37 whose combinations are 
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3451.9 














4519.8 


4522.7 


zs of 


n wit! 


bserved as widened doublets which possibly 
lated hyperfine multiplets 
Several combinations 
1394, 4417, 4565 A 
the involved odd 


» are single 


usually o 
represent perturbed or mut! 
see note 28 at end of table 2 
of level 15165.89 
but this seeps to he caused by 
levels because most combinations of 151 
24 at end of table 2 As compensation 
for the complication introduced by hyperfine struc- 
ture it may be said that the width and shading of 
flag patterns confirm this analysis qualitatively and 
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Re 1 lines al 81.000 oersteds 


rpendicu ir yx ization 
out magnetic feld 


I 


aided im the assignment of levels to electron 
Detailed proof of 
this statement is omitted in this paper which deals 


have 
configurations and term groups. 


primarily with fine structure and therefore ignores 
hyperfine structure (excepting the complications 
mentioned above). Information about the resolu- 
tion. width, and shading of flag patterns in rhenium 
spectra is given in Meggers’ recent description of 
these spectra [8] which provided most of the material 


for this analysis 
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Table 2 contains all relevant data on the classified 
lines of Re 1, including estimated relative intensities, 
measured wavelengths, derived vacuum wave num- 
bers, observed Zeeman patterns, transitions betwee! 
designated atomic energy levels, differences between 
wave numbers derived from measured wavelengths 
and those calculated from atomic energy levels, and 
notes that are appended to the table 

In table 2, column 4, the observed displacements 
of magnetic components are given in Lorentz units 
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the x components being inclosed by parentheses and 
followed by the o When there are 
more than one component of either by pe the strongest 
bold face. Many unresolved Zeeman 
patterns are accompanied by letters A, B, C, or D 
which were adopted for conveniently indicating 
standard types according to Back and Landé [14]. 
The letter A means that the strongest mw components 


components, 


IS show rh in 


have the greatest displacement whereas the dis- 
placement of the strongest components is the 
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average of all Bb means that the strongest az 
components are least and the strongest o components 
most displaced. C indicates that the strongest 7 
and o are both least displaced. The letter D applies 
to relatively weak lines for which no « components 
were observed, so that it is impossible to distinguish 
hetween types B and C. A dagger (+) means that 
the pattern Is unsymmetrical, and an asterisk (*) 
that the observed Zeeman pattern belongs to a Re 
n line. P-B indicates that a perturbation of 
Paschen-Back t\ pe has been observed. 

The total number of classified lines of Re 1 in the 
region 1700 to 12000 A is now 2,764. Of these 116 
are doubly and 5 are trebly classified, because the 
resolving power was inadequate to separate them. 
There are 6 cases where two observed lines have been 
classified as one transition, because the doubling is 
helieved to be caused by perturbed hvperfine struc- 
tures. Thus for purposes the employed 
resolving power was too small and for others it was 
too large. Some of the complications that arose on 
account of hyperfine structure were mentioned in the 
preceding section. 

A few lines classified as Re 1 were observed only on 
spark spectrograms measured in the Zeeman labo- 
ratorv. Some of these have also been classified as Re 
1 lines, and in these complex spectra it is certainly 
probable that occasionally Re I and Re II lines 
coincide within the limits of spectrographic resolving 
power employed. In any case such lines appearing 
in table 2 represent permitted transitions between 
established energy levels of Re 1 within reasonable 
limits of tolerance for these transitions. 

Excepting lines of very short wavelengths, neat 
2000 A for which an error of 0.01 A corresponds to 
0.25 K the difference between observed and calcu- 
lated wave number (O-—-C in table 2) of classified Re 
t lines rarely exceeds 0.3 K. For 563 lines in table 2 
this difference is naught; for the remainder it is 
-().06, K and for the total number the average 
difference is +0.05 K. Reealling that on account of 
hyperfine structure many Re lines have widths of the 
order of 2 K, this small average departure of calcu- 
lated from observed wave number of classified Re 1 
must be regarded as satisfactory; 
that the mean wavelength of the wide lines is very 
near the actual center of gravity 

In the recent deseription of the are spectrum of 
rhentum by Meggers |8] there are 4,143 lines that 
may be ascribed to Re I Of these ? 660 are classified 
in this analysis (table 2). Although this number of 
classified Re 1 lines is only 64 percent of the total 
number it accounts for 90 percent of the total 
observed intensity. The remaining unclassified lines, 
with few exceptions, are of low intensity, between 
$0 and 1 } 


some 


it gives assurance 


This is obvious from table 3 which lists 
all the unclassified Re 1 lines having intensity 50 or 
more. Only two of these are visible; the remainder 
are all in the ultraviolet short of 3000 A. This 
suggests that some high energy levels of Re 1 are still 
unknown, and that further progress in the analysis 
of this spectrum might be made if an improved 
description in the extreme ultraviolet could be 
obtained 


4. Interpretation of the Re 1 Levels 


Previous interpretations [1, 2, 3, 5, 6, 7] of certain 
Re 1 levels were made without the aid of Zeeman 
effect; they were guided by the simple interval and 
intensity rules of multiplet structure and by com- 
parison with the known terms of Mn 1. Now despite 
the large number of observed Zeeman patterns and 
computed g-factors, there are still only relatively few 
Re 1 levels that can be interpreted with certainty; 
61 percent (171 out of 282) of the established levels 
must be characterized as “‘miscellaneous”. However, 
compared with the earlier identifications, definite 
progress has resulted from the Zeeman-effect data 
despite many departures of g-factors from the Landé 
values associated with conventional spectral-term 
notation. We are pleased to report that most of the 
previous interpretations have been confirmed by the 
g-factors found, even those of d° s? *P which had been 
questioned [6]. The Re 1 levels, terms, and interpre- 
tations are displayed in table 4. 

Because manganese, technetium, and rhenium are 
homologous chemical elements their spectra Tare 
bound to show similarities. Indeed, such similarities, 
when first discovered in Re and Te, were regarded 
as proof that these elements are really homologs 
of Mn. In each case the spectra are highly complex 
because there are 7 optical electrons, and spectral 
terms of 4 different multiplicities (doublets, quartets, 
sextets, and octets) occur. Because the d-shell of 
electrons is usually half (or more) filled the terms are 
partly regular, partly inverted, and sometimes 
partially inverted. The principal differences between 
the three spectra, in general, are exhibited by larger 
term intervals for heavier atoms, and by the relative 
stability of various configurations of electrons. 

In general, the structure of the low even system 
of Re 1 is comparable to that of Mn 1 [15]. The 
relative positions of the Re 1 lowest terms from d° s? 
and d® s are very similar to those of Mn 1, and quite 
different from those of Te 1 [16]. However, in Re 1 
the terms from d° s? are somewhat better known than 
in Mn. This is due partly to the fact that inter- 
system combinations are much stronger in Re 1 
because of departures from LS coupling, so that 
many doublet levels could be found in Re 1 that 
were unknown in Mn. The second reason is that 
the mutual electrostatic interactions in Re 1 are 
rather different from those in Mn. This is imme- 
diately obvious from the fact that in the d* s? con- 
figuration *P is below *G in Re 1, whereas the opposite 
obtains in Mn 1. When taking this into account 
one finds from theoretical consideration [17] that 
the doublet terms should be depressed with respect 
to the quartets in Re 1 as compared with Mnr. An 
analogous situation exists in the spectra of W 1 
versus Cr I. 

The same d°s terms are found in Re t and Mn 1 
excepting two doublets above 38000 K in the latter. 
The new 13/2 level 270 in Re 1 has much stronger 
combinations than the previously found 13/2 level 
263 that was interpreted [5] as ‘H. This, and the 
fact that the new level had a g-value much nearer 
to the Landé value’ for *H,s3,. led us to identify level 
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270 as (5d' 6s)'H4 3). This is certainly the most 
plausible interpretation because there are only three 
13/2 levels + a) in the low even system, 
namely d°s* "liso, d®s *Hy, and d®s?I, The 
lower Boy 263 is readily explained as =_ “~ | 
whereas the other “I presumably lies too high to be 
detected. In view of recent progress with f 


analysis of Mn 1 [15] the earlier interpretation [5] of 


levels above 22000 K as 5d’7*F cannot be 
is concluded that no d’ levels have 
been found Ret. In fact all the known low even 
levels of Re 1 have been assigned to d°s* or d°s 
Besides the identifications mentioned above, addi- 
tional assignments of conventional term symbols 
have been suggested by R. E. Trees, who calculated 
approximately the relative positions of known and 


four Re 


maintained: 


anticipated spectral terms; these calculations will 
be reported in a separate paper by Trees. 
A brief discussion of the Re 1 level 273;,. seems 


justified because of the trouble weed by hype rfine 
structure. At first two levels were detected at 
nearly the same value, viz., 27384.40 and 27385.20 
K. Generally these combined with the same odd 


levels, thus vielding 10 pairs of very close lines of 


comparable intensities. In three more cases only a 
somewhat broadened line was observed with a wave 
number intermediate between the calculated values 
In some other cases only the transition to 273’ or 
273’’ was present and because 273’’ had two com- 
binations with odd levels while 273’ had none, 
the latter was regarded as a 1/2 level and the former 
as a 3/2, with the possible interpretations d° s *P, 


and d° s?4D,,.. <All the lines involved were rela- 
tively weak. For 273’’ no Zeeman-effect measure- 
ments were available, but for 273’ there was a 


measurement of two wr components of 4369.64 A 
(273; »-6026,.). This splitting pointed to a g-value 
of either 2.396 or 0.072, the first being compatible 
with the interpretation of 273’ as *P,. and the second 
with *D, Upon remeasurement of the Zeeman 
spectrogram the two x components were found to be 
symmetrical around the wavelength 4369.70 A, just 
the average of the wavelengths 4369.64 and 4369.77 A 
reported [8] for Re 1. Hence we must conclude that 
these lines are hyperfine structure components of 
one and the same transition and that 273’ and 273” 
are hyperfine structure sublevels of one electronic 
level having J=1/2. In tables 1 and 2, it was found 
practical to retain the notation 273’ and 273’’, but 
in table 4 a single level 27384.80 K is interpreted as 
‘D, 

The departures of the observed g-factors from 
their Landé values are often very large but in 
opposite directions, so that the g-sums are not very 
irregular even when some levels of the same J-value 
are not known. There are a few instances of 
g-sharing which suggest a strong mutual perturbation 
of two levels with exclusion of the rest. The most 
conspicuous example is d° s**G;,. (with Ag 0.17 
and d®° s *D;. (with Ag 0.17). Furthermore, we 
have the two levels d*s*D » (Ag O.S] 
(f* s)*D, (Aq ~O.9S Also two levels with J 
13/2 have opposite but equal g-departures (d° s? 7] 


and 


has Ag=+0.02 and d® s *Hys3,. has Ag 0.02), 
that the remaining unknown 13/2 level (d® g 2, 
should have a normal g-factor. Attention w as calla 
[11] to large negative de oa of g-values for Re | 
terms that converge to d° s 5S, in Re mu, which lacks 
0.29 Lorentz unit from pe co for that term 
The present data are insufficient to test the sum ry} 
for g-values of any configuration in Re 1. 

The first identifications in the low even system 
served as a basis for the interpretation of a number 
of odd levels by means of the observed intensities 
of the combinations. When g-values became avail. 
able these identifications could be extended, and 
verified by comparison with the parent structure of 
Re u. For example the low °G° from d° s( G)6p of 
Re 1 was not expected where found, but it 
firmed by the low °G from d° s found in Re 1 by 
Meggers, Catalan, and Sales [18]. , 

From comparison of the transitions d‘ s ®D, 
d* p *F°n. in V 1, Nb 1, and Ta 1, and (d® s)D,, 
d® p ®F°y,.in Mn rand Te 1, it could be inferred that 
the corresponding transition in Re 1 should have a 
wave number of about 35000 K. In agreement here- 
with d® p °F°),, has been loc ated in Re rat 45082.63 K. 
and the line in question at 33328.06 K. Beyond 
completing this °F° term no further identifications 
in the d® p configuration of Re 1 have been attempted 
Excepting d° sp°P and sp the low odd terms of Re! 
belong to d* s*p. The terms *D and °F derived from 
the parent term d* s?°D of Re 1 (which is about 14000 
K above the ground state d(®S)s 7S) have been iden- 
tified. In accordance with this assignment the levels 
with small J-values are the lower ones, whereas the 
terms derived from d® °*D should be inverted. 
they are. 

Seventeen high even levels of Re 1 could readily be 
interpreted in connection with the known low Re u 
levels [18]. The previous interpretation [3] of level 
5097, as d° s(S)d *D has been abandoned. The 
levels 51033, and 5104... turned out to belong to one 
multiple term because they show partial Paschen- 
Back effects of transitions to the same odd level 
The grouping of nearby levels with proper J-values 
led to recognition of the partially inverted term des- 
ignated e ®°D. Both e ®°D and e *D have small inter- 
vals because their series limit is a *S in Re 1, and the 
available g-factors confirm the designations. The 
former interpretation [5] of level 5766 3,. was changed 
because the lower °D in Re 1 was assigned [18] to 
d* s* instead of d®°. In the course of this analysis of 
Re 1 we succeeded in supplementing this 3/2 level 
with 5/2, 7/2, and 9/2 to form the term designated 
as f °D, with only the 1/2 level still lacking. These 
interpretations are supported by the observed in- 
tensities of the transitions to the odd levels which are 
displayed in figure 3, where the observed intensity 
is roughly represented by the size of the black circle, 
and shaded circles indicate outstanding intensities 
The most striking feature of figure 3 is that the levels 
of d s@D)s *D combine much more strongly with 
the higher odd *D than with the lower one. The 
“Ped is that the former transitions (to @& 
s(°P) ®*D) require only one electron jump (p to 8), 
oleae the latter transitions (to d* s?¢D)p *D) 
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involve a simultaneous jump of two electrons (p to s | present state primarily so that table 4 could }, 
and s to d). reproduced in Volume III of Atomic Energy Levek| 

In the high even group of Re 1 there are two 5/2 | [19], where detailed comparisons with other table) | Desi 
levels the parent terms of which should be very low | may give inspiration for further progress jn th} | 2 
in Re u, but are still unknown. The Re 1 levels in | quantum interpretation of complex atomic spectra | 
question have values 44054.21 and 44902.60 K; | 


they are well established (see fig. 3) but without 5. References 95 
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- ABLE l. Ene rqu levels of the Re atom : 
! ' pi 
Desig- Desig- 7 
nation Value J ad vag nation Value J 9 Origin 
is 
LOW EVEN GROUP 
7. 
0 0. 00 5/2 1. 950 M 31 266 26661. 43 5/2 1. 32 K 4 i 
115 11583. 96 5/2 1. 278 M 31 270 27130. 14 13/2 1. 20 0 
117 11754. 52 9/2 1. 545 M 31 271 27141. 13 7/2 1. 34 M 33 y 
138 13826. 12 3/2 1. 485 M 31 272 27161. 35 9/2 K 47 
142 14216. 86 7/2 lL. 567 M 31 273 27243. 88 11/2 11S K 48 
146 14621. 46 5/2 151 M 31 273’ | 27384. 40 1/2 2. 396 (0.072 | 
150 15058. 19 7/2 1. 153 M 31 273’’ | 27385. 20 1/2 + 
151 15165. 89 1/2 2. 368 K 47 275 27514. 31 9/2 1 15 K 47 
157 15770. 42 5/2 1. 309 M 31 278 27827. 65 3/2 0. S88 Kk 48 i 
163 16307. 15 11/2 1. 242 M 31 280 28030. 32 5/2 1. 12 K 48 ( 
164 16327. 51 3/2 1. 706 M 31 285 28542. 13 7/2 Kk 48 f 
166 16619. 28 9/2 1.175 M 31 288 28809, &7 7/2 0.93 (1. 44 
72 17238. 30 1/2 2. 521 M 31 208 29800. 38 5/2 ~1. 17 K 48 
73 17330. 82 7/2 1. 255 M 31 301 30131. 57 1/2 K 48 | 
194 19457. 89 5/2 1. 361 M 33 304 30526. 60 3/2 
197 19757. 91 1/2 0. 983 K 47 105 30559. 91 11/2 1. OF 
204 20481. 73 3/2 1. 451 K 47 306 30645. 33 9/2 K 48 
217 21775. 40 7/2 1. 135 M 31 S11 31186. OS 5/2 lL. 14 
221 22160. 04 9/2 1. 198 K 47 313 31399. 30 9/2 K 48 
224 22422. 83 3/2 0. 78) K 47 314 31460. 62 3/2 K 48 
231 23154. 81 5/2 1. 189 M 33 319 31982. 99 7/2 K 45 
239 23956. 00 11/2 0. 995 K 47 39 39435 14 5/2 
244 24425. 40 5/2 1. O67 K 47 332 33281. 65 5/2 
247 24724. 22 7/2 1. 03 M 33 333 33317. 57 11/2 
261 26131. 57 3/2 0. 650 M 33 338 33823. 66 7/2 
263 26348. 96 13/2 1. 100 K 48 341 34194. 27 9/2 
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uld he| ‘TABLE 1. Eneraqy levels of the Re atlom—Continued 
Levek| . 
tables Desig- Value J Origin oe Value J q Origin 
in the} | mation | ast 
pectra HIGH EVEN GROUP 
1259 $2598. 27 7/2 1. 957 M 31 5098 50988. 47 7/2 1.558 M 31 
1405 14054. 21 5/2 M 31 5099 5O994. 15 9/2 1. 548 M 31 
RP39: 1470 14703. 37 p/2 1. 866 M 31 5103 51030. 73 3/2 M 31 
RP5es | 1491 14902. 60 »/2 M 3! 5104 51035. 56 5/2 1. 546 M 31 
5033 50332. 60 3/2 M 31 5105 51049. 87 1/2 C 53 
Wiley Ai . - ; - es ™ 
; B34 50340. 62 »/2 2. 027 M 31 5339 53392. 00 7/2 M 31 
5035 50359. 23 7/2 1. 820 M 31 5766 57665. 43 3/2 K 48 
[A] 45, 539 50395, 72 9/2 1. 690 M 31 5806 58060. 64 7/2 shih 
5047 «950464. 34 11/2 1. 629 M 31 5836 58368. 90 9/2 
[A] 48, 5097 50973. 17 »/2 1. 489 M 31 5926 59268. 79 5/2 
ODD GROUP 
P2355 - amare 
1940 F . Fp 9 97 2 120) 20/0 ¢ r/9 2Qr - 4m 
4] 1895 18950. 1 0/2 2. 274 M 3l (394 13949. 98 9/2 1. 385 K 47 
. aa 44 20447. 8 7/2 | 926 M 31 L399 (3996. 30 11/2 - 26 KK 17 
-Vi 3p 2 3631. 82 9/2 1. 768 M 31 LALS 44148. 45 3/2 1.573 K 47 
885 28854. 18 5/2 1. 871 M 31 L422 44224. 58 9/2 1. 244 M 31 
oscopr 22: @ 28889. 72 7/2 1. 709 M 31 L430 14308. 73 5/2 1. 223 M 31 
Itiplet eB 28961. 55 3/2 2. 333 M | 1441 14416. 33 1/2 0. 15 K 47 
Berlir Ta 324 13. 61 1/2 - M 31 L472 14,720 0g 3 2 l. 330 K 4 
, 295Q 39591. 63 3/2 1. 762 M 31 L490 14901. 15 1/2 1. 253 M 31 
NBS 0 33/408. 73 5/2 1. 500 M 31 L494 14946. 12 7/2 0. 905 K 47 
hs 2358 33589. 12 3/2 2. 335 M 31 508 15082. 63 11/2 1. 40 M 31 
999) 
ha 3452 34520. 25 7/2 1. 454 M 31 p51 ? (5121. 81 3 2 0 67 i K 7 
press 526 35267. G4 »/2 1. 385 M ol p33 pI332 03 9/2 l. 085 K 48 
re. 467 592 35928. 02 9/2 1. 440 M 31 p34 j5343. 57 9/2 1.13 M 31 
06 37063. B5 3/2 0. 626 M 31 L546 15462. 83 1/2 1. 3800 M 31 
38 37381. 41 5/2 0. 990 M 31 L581 15817. 26 1/2 2. 197 
BO 220% BEB 5/2 1. 219 M 31 L587 L5876. 34 3/2 1. 384 K 47 
6 37765. 65 7/2 1. 335 M 31 1590 L5904. 25 11/2 1. 175 K 47 
) 7797. 95 1/2 2. 620 L593 15937. 18 7/2 1. 298 M 31 
pn 7 7915. 87 3/2 1. 495 M 31 611 16112. 24 5/2 1. 405 M 31 
3852 38520 7/2 1. 216 M 31 L614 (6141. 11 1/2 0. 716 M 31 
899 8994. 73 9/2 1. 25 M 31 \635 16352. 99 7/2 1. 271 M 31 
106 39064. 92 5/2 1. 335 M 31 163? 6374. 25 9/2 1. 341 M 31 
17 | 3919 39196 ) 11/2 1. 405 M 31 L650 16509. 40 5/2 1. 371 M 31 
165 39655. 99 9/2 1. 444 M 31 L664 \6649. 42 5/2 1. 334 M 31 
23 TA 39670. 52 5/2 1 107 M 31 1673 16733. 38 3/2 1. 858 K 47 
3 18 298) 7/2 1. 223 M 31 4700 ,7OO4. 34 3/2 1. 285 M 31° 
191 39916. 39 11/2 1.314 M 31 L710 7101. 61 5/2 0. 893 K 47 
192 399296. 75 5/2 0. 745 K 47 4717 (7172. 1 3/2 
) 04923 2 13/2 1 364 L718 7172. 9 1/2 2. 215 
17 20 *205. 73 9/2 1. 106 M 31 
" + oa . o 
8 iene! wh Mt 3I (735 «47858.36 7/2). GI $4 
. > mi fo a > 5O 06. 79 13/2 1. 26 K 48 
OS OS8?1. 83 »/2 1. 126 M 31 Mest os 2 A ° - 
18 0946. 53 7/2 1. 534 M 31 4 O00 O04. 14 Like 1. 90 is 
aL 1163. 91 7/2 1. 325 M 31 wd 669. OI : . 196 M 31 
18 : - ~~) ‘03. 78 3/2 1. 443 K 48 
18 131 41313. 02 9/2 1. 278 M 3! ~n 79. 91 3/2 1. 362 K 47 
145 L145 18 9/2 1. 372 M 31 Yor 959 93 11/2 1. 20 M 31 
7) 1557. O8 3/2 1. 695 M 31 89g 899. 22 5/2 1. 217 M 31 
184 1843. 85 7/2 1. 190 M3 193 932. 55 7/2 1. 31 M 31 
iS te 1991, dt 2 0. 61 K 48 1» ag" 970. 82 5/2 1. 169 M 31 
is 140. OF Q/2 1. 249 ME 31 S18 S78 70 7/2 1. 252 M 31 
iS 19 3/2 1 508 K 47 \856 S569. 6 11/2 1. 27 M 31 
} O2 2/2 1. 449 K 47 IS7S S786. 35 7/2 1. 53 K 47 
SS 18 ,/2 0. O75 M 31 QQ 18857). 60 7/2 K 47 
0) ( S 4/2 1. SOS M 31 1Q02 £9022 5/2 1. 495 M 31 
A 09. 11 8/9 \I 31 GOS Hj? Qj vi 2 | 199 M 31 
15 p 1) Q/2 1 336 Mo3] 191? L9170. 7 9/2 1. 135 KK 17 
7: 2 Fs » % 5/2 1 504 M 31 L925 19250. 02 3/2 1. 263 K 47 
f) n ”) 9 1. 962 M 31 1928 1286. OF 11/2 1. O75 ; 
38 | 815. O1 7/2 1. 348 K 47 95 1540. 96 5/2 K 48 
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opp GROoUP—continued 
195 573. 11 5/2 1. 344 K 47 r401 94018. 19 7/2 0. 723 (1. 895 K 48 
1958 158 6] Q/2 1 O58 Kk AZ 9408 A086. ¢ f 1. 22 K 48 
966 9667. 25 5/2 1. 272 K 47 41 r41 7 1. 273 K 47 
985 19859 ; 2 0. 410 I42¢ 4268. 18 1. 200 
QR6 ISAS 4 4/2 1. 175 Ko oAG 
440 4409. 61 »/2 1. OOD KX 48 
L989 19895. 5 5/2 1 OSU K 47 ILL6 AAG 4,0) 3/2 | OI 
50171 90110. 28 5/2 1. 765 ME 31 451 14513. 84 7/2 K 47 
50145 50158.8 5/2 1. 422 K 47 45S I4DS 61 11/2 Kk 48 
9019 90196. D4 9 2 1 345 Kk 48 472 4729. 52 13/2 
50% 0263 +? 5/2 lL. 254 
5/81 54/813 12 9/2 1. ISS (1. 949 K 47 
5031 50310. 70 7/2 1.170 482 14823. 02 9/2 1. ISS K 48 
5040 0401. O1 g/9 1 055 K 47 PAL, 14968. So 1/2 1. 514 
046 90463. 80 5/2 1 144 Kk 4; 952 5223. 85 11/2 1. 149 
— ~~ a | 0 088 K 48 5545 | 56454. 48 7/2 1. 17 
06F 0663. 51 11/2 1. 220 KX 48 
7 5776 / 5/2 1. O56 
IOS 90869. OO 4/2 120) Kk 48 DSO GOT } 7/2 1. 22 
9093 90934. 18 5/2 | ISH \l > | 90 902. O1 3/2 . 444 | L1o 
102 11027. 9 9/2 NK 4G 91 9912 9/2 1. O6 Kk 48 
118 TITSS. OO /2 lL. dob V 52 90 ¢ } ; 9/2 
5119 91193. 49 9/2 KK 4S 
ALT HIT 4/2 
5122 11229. B4 1/2 \. Sas NK o47 645 451.8 1/2 1. 287 
514 if 15 5/2 0. O7 K 47 5 16523. 41 13/2 
5148 1486. 29 9/2 1 20 kK 48 669 B99 7/2 1. 25 \ 
15 TDS. OD 5/2 K 48 HS Hs : »/2 V 52 
159 1590. OS 5/2 10o2 kK 4S 
HN HSH ‘i ,/2 1 ooo 
wi i¢ Yo? 4/2 | rao IK ly, >», ¢ 70 ; j 2 i) 4 
518 18 2 1. 29 V 52 209 ~~» «57090. 29 7/2 
9194 IT Y4LO, G4 11/2 kK 48 vei ive f 1/2 1 19 
91965 11955, 02 7/2 1. 200 IK 47 17 28 17 280. St 9/2 1 19 I 48 
9200 19001. 3 9 92 1 357 K 47 
/ 7/2 K 47 
5212 92122. 35 13/2 1.17 Kk 48 } 7 391 1/2 1. 30 K 48 
9221 12218. 11 »/2 1. 208 IN 4a ) 7452. 83 13/2 IK 48 
5222 22 0 13/2 IK 48 752 7924. 31 2/2 ~1. 40 
522 52278. 28 3/2 1. 422 K 4 7 7656. 85 9/2 1. 19 K 47 
) ; ) / 1/2 I vi 
S ISOSO S /2 1 11] 
SDL 169. 45 2 1. 315 82 8260. 03 7/2 1. 43 V 52 
247 dh » 3] 5/2 \ »2 »S aN } 3ST 1) /2 kK 48 
) 448 | PATO. OF 4/2 \ »2 S33 Ss 3? 5/2 Ix 1S 
27 L ) 1. 30 2 kK 47 »S »S ? 2 52 kK 48 
5285 85 7/2 1. 30 IK o4AG 
IN 4 fp NS 1/2 
SIRS »PS81. 8 5/2 105 IN 4G S61] S619. 3 11/2 1. 165 Kk 48 
5295 59951. 59 3/92 1 14 kK 48 5912 5912 0 5/2 1. 20 V 52 
5 POF » 295 \f ,/2 VY 52 91 Ital »/2 V 52 
9305 3058 5/2 1. IS4 K 47 1929 192923 5/2 
312 93125. 19 /2 1. 145 K 47 
1329 5929 9g g/9 IK 47 
5 39S > FIRS _ 4 | si 2 iA] 9412 ( 11/2 l. lo KK 47 
5329 13293 ) 5/2 1. 323 IK o4AG 978 19784. ¢ 7/2 
5332 13320. 95 9/2 1.38 IK 47 ae 19926. 9 7/2 1. 100 (1. 170 
333 3335. 9 7/2 1. 200 V 52 aL 3 é ; N 5/2 IX. 48 
133 93379. 35 2 1 Oo K 47 
AOSS Hlis.s ti 5 2 292 
I38 3389 ; 5/2 119 Kk 48 621 62142. 9 | 
5S ht 467. 5 11/2 1. 20 K 48 6235 | 62350 
1373 37 38. 4 7/2 1. 205 IK 4G f } f } / ~1.17 
138 3842. 53 3/2 1. 16% IK 47 f t f Y f 11/2 1. 135 
392 3928. 90 1/2 lL Lis 
. 63 f > 40 13/2 
39 13948 11/2 Ll. is A393 A399 f 13/2 1. O. 
W hen no sv bol t ted ir nt T 8 I \ I 14, 269 Ss 
evel is a new one The hn ave T ! nin V 52, R. \ \ c. espan. f ju $s, 2). - 


M 31, W. F. Meggers, BS J. Research 6, 102 131) RP322. ( M.A. Cat n n ted in ke r \ KUDKES 
M 33, W. F. Meggers, BS J. Research 10, ; 33) RPSO4 t ] 22 
K 47, P. F. A. Klinkenberg, Phy 1 13, 58 4 
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20 22 WW) 1.124 tit \ 2 104 
rT 136 159,488, SI 2 20 | 2809.02 | Wen 
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sr 2304 1! ’ " 2487.2 } 3. f 
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(l 23M, f 117 191 } 
H) 230 1 4 { 24 » 249 i 4 
‘ 234 11700. 7 2 } N ‘ 2 2491. 49 124. 4 i 04 
4 | 2397.' 1169 ’ 42 8 2492 W104, 22 f 1 
10 2308, 2 $1684. 4 1) 2442, SSS $0102. S82 2 s s { 
6 23090.648 41660.1 ' 8 2494. 25 10080, 12 i f 
2 24K 2 i164 & 2495.2 10683. 84 9 
mW 4 oS thd Ss s 24 J 1 ; 142, .419 1 7 
f 2.125 oy ‘ 
Sx NG 24 2 10040, 2 
1.306, 9 248, 2 4 f TY ( s 
24 i f 445, 1.678 
WR 24 } H. 42 730) 1.547w A 9 2408, sé OO 4, .661 9 
wr 24 i "9 152, .444 Sal 
1.789, 2.06 2404 ; Wun 2 
2.386 9 2404 s 04 29 
‘ 24 $1474.8 2 1.2 25M 2? USE 29 2 
vr 2414 s 1402 ‘ ” ( ~ 2 ~ iTS l ) ) 
| 24 r j 4 4 9 ” 000. 4 { 12 { 
10 2416. 44 } 4 1.062 og 
; t { 19 72 ‘ a1) SIU 
fil 2419.404 41319. 94 1.417 
‘ 2419.8 / ' { 192 
1.673) .2s8 is ~ s SO5 
6. 1.616. { 
24 i 2 1.251 
242 112U7.4 2 | 2508, 4 S44 ty é 
242 ‘ $) 286 ¢ 1.821 | 
: : 
- owes tle y. ‘ mm y. 
‘ 242 } "Ss ; y. y. ss y. \ s 
R 242s } ‘ 19, 9 2014 voy - 
Ty. 119 j 1 UN 
2 209, 1.558 
2452. iS J 2 125, .4 1.368, 
24 2s s1084 q 9 “—" aR 4 
2438. 4 W009 156, .4¢ ‘ 2.112 Ht 
715, 2 S4, 1.526 
S - - | 
20 st wi ; "4 
R 2441.4 { 211. .628 2524 wit 
} 190), 2524 tt YU 
P ) e ano 4 " ) 
- ' y 4 P+) h2 § ? , 
+ etic tL , “4 0 5 4 491.89 j 
2444.49 1USSS 1 707 de. 45 4 
4 $465. 975 HISo4 y 2. 845 H46HY. Ss “ 
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" 4 , S , 0) 2611. 702 $8277.77 150 1. 02 
33 ’ Mt it t s { 10 2612. 730 38262. 71 150 D —, 05 
a3 3) 462.19 ‘ ‘ 03 12. 929 {8259. 8O 146 PSRs /9 — Os 
a3 74 4 2 l 2613. 23 382 32 142 7 13 
a4. BI 438. 9 260, ’ it 2 l 2613.744 38247. 87 203) A 157 {0 +. 10 
1. 258 SOR 2614.558  38235.96, (Ow) 1.662 B 1465/2 —52857/2 —.02 . 
37. 517 39396. 77 tt Y +. 04 10 | 2617.442 38193. 84 166 5481o/2 Oo 
su. Jat YES, OY 649 +. If 1OR 2620. O2¢ 38156. 17 $41) 1.485 A 142 37 7/2 09 
10. 45 51. S ; l jOR 20120. 344 SR151. 54 118) 1.816 217 192 +. 03 ll 
540. 513 SYS900. SI 252) 1.342 A 4 +. OY I 2621. 144 $8139. 9O 1643/2 £463 /9 + (] 
41.2 THIS, f - f l 15 975 S8127. 81 I 151 5329 02 
43. 022 #311. 48 239 I ») 285 38108. 7¢ 185, .554, 117 ISE +. 06 
43. 671 US01. 4 1 Shit 54° (it 919 
$3. 835 ¥2U8, Y2 ‘ l s 2625. 041 {SONS, QS 115 49963 /2 i 09 
44. 21 ( \ t ; 9 } 2625.128 38082. 02 164 54405 /2 OS 
44 ; " ‘ 1.169 DD OS 7 52 si it 38072. 19 1575/2 R 43/2 L oR 
$4. 952 , t V) 1.04 t NY 2 l 2626, QU SSOHG. 48 194 752 +. 06 
$5. 48 sy i 1993, 1.447 ROGO. 16 2043/2 85 41/2 +. O1 
1.898 ] s8048. St 138 8? +. O5 
i8. 13 W252 ’ 151 4 5 ; s 1M eG. 31 2177/2 59789 04 
62, Os 7 2tk 754 38000. 59 150: 2 2 +. 04 
{8 88 9 ¢ M)) 1.143 i 8 l 2%) | 2631. 569 37988, 81 1155/2 1957 5/2 36 
14 < ve M 10 2055. CH 157 7 2 + 04 
2. (2 172.8 189, 42 N " 2 2633. 614 611 151 53123) 1 (2 
1) 1.018 »} 26133. 77 115 $954 00 7 
y t ; 164 5426 + Ol 
2 2, 2.526 166 45 : 1 13 
4. 929 MLSS. oY Ss 4 ( 2 2445 6235 05 
I 9125. 42 s { OR .227, .691 Os/2 v9 Os 
) > 42 2 1.164 
w l “41.173 7850. OS j146 De 4 . Li 
; “ j oo . = =o . \ 2043 2 x 2 el 
t - 104. Ut l wre 42 US HOR 2642. 752 S7S2S8. OF 754, 1.217, 1179/2 {958e/2 (2 
2, .803 1.679, 2.144 
697, .&9 349, 821 
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1s 2.23% 
S. Ut WS f 03 ; 2643. 092 s7 8235. 21 150 5288 + 06 
) wi}. SS } ) } j 44. 768 3 1 85 02 
1.540) 4 2645. S04 14 142 2) 07 
1.656, R 204 2s svat ; 702, .WO 0 7 il 
2.2350), 2.9 1.508 
’ 9 _ NA 2 2647. 240 37763. 95 1383/2 5159s/2 Ol - 
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s ] nu 
146, 1.778 1.749, 
64.34 8984. 59 8 2649. 584 172 49 02 
‘ y SY a y. 1.833) .128 
68.8 Sut 858, 1.581, 
69. 32 ROO { 2 311, 040 
- S59. 5 2) A 20 | 2652.9 683. 22 150) 46" +. 11 
ss, 4 s ‘ 1OR M4 2 7 ttt t OOO) 1.137 19 oOo 
ssi 192. 2654. 773 37656. 79 ? 03 
4 ( ot | {7H51.0 4 + C2 
< . 2t 44 641. 61 ¥) 1.186h / 2 +. 03 lt 
7. 2 "56. Int 7632 ) ? + 
2 2656, Vt 625. 9 62 + 02 
12 ss 2 t ) nm 149 STHLS.S ISS O2 
s SS ) ‘ { 2658, GSS 601. 34 S18 } 05 
} ss ‘ 2 2 2H59. 024 " ) 13 s O06 ll 
al Sif t d 1.341 
s s.4 1 2659 2 S75S85. 74 12 2h 4 06 
5 5 Siz 24 2 | 266 1) 82. 22 231 f 25 
82. 24 S714.4 9 tit 293 2 157 00 
S34. 40 SOY 2 it (i ) ltt , 02 
83.8 sty 1) 2662. 19 s 15 ¢ 02 
M4 Sti 2 2663. | 7 4) (.235, .702 117 128 01) 12 
» ~ » 9 { . 7. 9 ' 68. 1.63 
1.304 2 
s ‘ } 24 } MHA, 2 nM 1.3 l ; + 0 
‘ ‘ SOt4 NA J 24. SI 2 2972, .818 1ti4 Ni 00 
“t ss side } } s 7M, 42 192.3 ; ia + 10 
‘ 2.178 _ et is. } ‘ 1.4 Cc 173 ia +. 04 
S S S45. 25 ‘ 2 HOS. 104 vv ) 166 gS /2 OU 
tr) { mend “ j HO. SOS 443. 89 11 , OO 
} SOs 2 2 2 438. 74 6, .542 ll 19 2 07 
SZ 8574.9 2 2 ‘ 130.9 672, 1.092 142 64 +. 01 
xSU s ‘ Q 9 
2 s4 ~ 
4 ‘ S52 ) 2 29 3742 1? 263 6377 13/2 02 
4. US 8524 j nm 842 $16, 24 ll 17 00 
n y “4 y t 
, s S452 “ | ~ 
mm Ss Site 
x “4 =? ; 2672. 42 HS. 1 194 68¢ 02 
Sia S42 200K 2074. 339 SSL. ot 481, 1.440 U0 *) =. ll 
2. Y2 “4 S2 2 2.399) .49 
a S t t d i 1.458, 2.425 
Ss. O4 s, j \ 2 BQ2 
S. 64 S32 2074. 91 s7 373. 23 142 y +. 01 
| ~ s ) ‘ be be $565. SS 138 S OO 
WY. LU4 SJ14. 42 2077. 704 iY 000) 1.281 D 146 4 07 
wu. 404 s 14 is 2 2078 4 } 1669 /2 44 00 ‘ 
s 2 WTO. (OE 13 $59, 4, 107/29 37 00 
( Nf j l is 
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a 24) 1.834 { 1 ny, 
9 l at 138 04 
2 88 ‘ 101 A 1011 14 Nf OF 
He - ( 42 sf 2 | 
; 142 ) 66 8 al 
4) iw 9 TD i . x o ‘ | 1] 03 
3 4 Be ' { 7 j n 
3 221 , t 2 4 118, .342 17 / 04 
1 Ow) 1.456 B ¢ re # } 
20H 1H if 4( 24 aves | r 04 ; 
4 bb 7 02 ; b4 ¢ (x 
8 15! . 27 u US 
8 r NA = (M Qt Li ) 1 
5 138 4 16 01 
v1) 134 26, l RA " | 095, s 1] 02 
l 8, 1.309 1.023. 1.212 
202, .498 40 
793, 1.092 6H 27 6112.8 24 g - 
15 (2 OS " 000) 1.268 ‘ se ) 17¢ ] 7 . , 
2 2606. 159 7078 } “ R53 2 , 
7 HUH. Ht 7072. 18 f 2 $37, 00K \ 
x G97. 2t 37063. 59 664) 1.284 ' ' 7, 675 
2.616 O18 
; 2nY HS 7062.18 H4 8 { ‘ { 7 s { 
l HUS. 704 57042. SY 131, .402 204 i SH0US. Ss 142 
1.508 OR 36084. 99 \ 21 {76 . 
15 090, 5S ; 1.81 17 RTA 9 tH. 47 ts XN 2 
; +, 02 1 S SHD5Ss. ¥ vi . 
S s7013. 84 63 t $0055. 44 7 2 
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2 SHR70. G2 224 ) “ 277s. 408 s | ii! ; 42 / { 
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659, .925, ( 2781. 434 5942. Ot 072 t 4 
1.1 070, SO4 
6, .603 O78 { Te lf 9 
a 1.13 218 14.4 4 +, S44 f 
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3 t 1.9 2 9TR5. 424 SO . 4 9 
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An Apparatus for Measurement of Thermal Conductivity 
of Solids at Low Temperatures 


Robert L. Powell, William M. Rogers, and Don O. Coffin 


\ description is given of an apparatus used for determining the thermal conductivities 


of solids in the temperature range 4° K to 300 


The apparatus is especially suited to the 


determination of thermal conductivity over a large temperature interval, enabling coverage 


of the temperatures between the normal boiling points of liquefied gases. 


Illustrative 


results are given for an insulator, polytetrafluoroethylene, and for a high-conductivity 


commercial coalesced copper 


ically from 0.56 milliwatt per centimeter per degree K at 5 


The thermal conductivity of the insulator increases monoton- 


K, to 2.32 at 80° K. The 


thermal conductivity of the copper has a maximum of 24.9 watts per centimeter per degree K 


at 21° K, and a value of 8.15 at 5° K 


errors are given 


1. Introduction 


Data on thermal conductivity are necessary for 
the selection of suitable construction materials, and 
the prediction of operating characteristics of low- 
temperature apparatus used in research and indus- 
try. In addition, accurate thermal conductivity 
values for pure metals and controlled alloys are 
important in the development and verification of 
theories of electronic transport phenomena in metals. 
The apparatus described in this paper is well suited 
to the measurement of thermal conductivity of 
metals and commercial alloys; it is also usable for 
poor conductors such as plastics and other dielectric 


solids, 


2. Experimental Apparatus 
2.1. General Description 


The method of determining thermal conductivity 
by axial heat flow through a long cylindrical sample 
is used. A pictorial diagram of the apparatus is 
shown in figure 1. The apparatus is similar, in 
many respects, to some of those deseribed in the 
review by Olsen and Rosenberg 5). 

The cryostat consists of concentrically mounted 
sample, thermal shield, vacuum container, glass 
Dewar, Dewar support, and outside metal Dewar. 

The sample rod is clamped to the heat sink at the 
lop; the sample heater is attached to the bottom of 
this rod. The temperature distribution along the 
sample is measured by means of eight thermocouples 
attached to thermocouple holders positioned along 
the rod. Heat losses by gas convection and condue- 
tion are made negligible by evacuating the region 
surrounding the sample. Losses by radiation and 
conduction along the lead wires are reduced by en- 
closing the sample rod within a symmetric cylindrical 
thermal shield maintained at approximately the 
sume temperature and axial gradient as the sample. 
Measurements of the temperature, thermal gradient, 
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and power input to the sample, combined with data 
on the cross-sectional area, permit a calculation of 
the thermal conductivity of the sample based upon 
Fourier’s equation for steady state, linear heat flow. 

The heat sink is maintained at a constant low 
temperature by a refrigerant, usually a liquefied gas. 
This refrigerant, poured into the glass Dewar from a 
central fill tube, surrounds the heat sink and vacuum 
can. The glass Dewar is supported by a metal 
container that is, in turn, sealed to a top plate. For 
temperatures below 80° K in the internal apparatus, 
the Dewar support container is further surrounded 
by a metal Dewar containing liquid nitrogen, reduc- 
ing heat conduction down into the colder refrigerant. 
The associated vacuum, electrical control, and 
measuring equipment are located on nearby racks 


and benches. 
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Figure 2 ( 


ostat and associated equipme? 


Figure 2 is a photograph of this assembly. Two 
similar eryvostats are used concurrently to mcrease 


the data output 
2.2. Sample Assembly 


Metal and alloy sample rods are 0.367 em in 
diameter and 23.2 cm long; plastic samples are 2.54 
em in diameter and 20.5 em long. The metal and 
alloy turned, then ground to the final 
diameter with a tolerance of 0.0005 em. Because of 
their larger size, the plastics are turned with a toler- 
ance of only 0.001 em When required, the sample 
is annealed after the last grinding operation. Then 
the thermocouple holders shown im figure 3. are 
attached, and the holders are placed on the sample 
with their centers 2.54 em wpart by means of gage 


rods are 


blocks. The thermocouple holders have a_ thin 
interior edge that vives, essentially, line contact 
between the holder and the sample. The actual 


distances between flat surfaces on the holders are 
measured by a vernier height gage with 
precision dial test-indicator The accuracy Is about 
0.0005 em The average diameters ol the samp! 
are measured between the thermocouple holders to 
about the same accuracy 
The samples are attached to the heat sink by 

clamping action for metals, or an internal tapered 
screw thread for plastics as is shown in figures 1 and 
3. The details of the sample heaters are also in- 
cluded in figure 3 


ian attached 


The heater for a metal sample is 
slipped onto the rod and clamped with i small screw 
In order to improve the thermal contact, mercury ts 
placed in the hole that surrounds the lower end of th 
metal sample The heater for plastic samples Is 
screwed on so that il presses against a large coppel 
the heater-to-sample con- 
tact area. Both heater blocks made of copper are 
wrapped with No. 36 or 40 AWG constantan heater 
wire in a single laver held in place with G. E. 7031 


washer used to mcrease 
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air-drying varnish. The sample heaters have a 


resistance ranging from 175 to 500 ohms for metals 
and from 500 to 1,000 ohms for plastics. The power 
measuring circuits limit the current to a maximum of 
about 100 ma, and the voltage to a maximum of 
about 16v. A-small sample heater shield is attached 
to the sample by a split collet-and-screw clamp, so 
reducing radiation losses. These shields are covered 
on all exposed surfaces with aluminum foil to further 
reduce radiation. 


2.3. Thermal Shielding, Tempering, and Controls 


Several factors, such as gas conduction, radiation, 
and wire conducti mm. can lead to consistent errors in 
the experimental determinations of thermal con- 
ductivity. 


vection are 


Heat losses by Cus conduction or conh- 
reduced to an insignificant amount by 
baking out and evacuating the system to at least 
10-° mm of Hg while the system is at room tempera- 
ture. Cooling of the system during experimental 
runs further reduces the residual gas pressure. 

Heat losses by radiation and lead wire conduction 
are greatly reduced by surrounding the sample with 
a cylindrical thermal shield as shown in figure | 
The bottom, middle, and top of the shield are held at 
approximately the same temperature as the sample 
To provide a good 
thermal contact to the heat sink when the shield 1s 
bolted in place, the upper shield fastening ring 1s 
made of copper. The bottom of the shield is also 
made of copper to provide a nearly isothermal region 
surrounding the sample heater. The longet 
mediate section of the shield is made of thin stainless 
steel to reduce the power input necessary to maintain 
any given temperature gradient. The shield is split 
in two, vertically, to allow rotation of the front half 
during the mounting and assembling of the sample. 


at the corresponding elevation. 


iter- 
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The two halves are bolted together near the bottom, 
and a copper bar is soldered across the bottom to im- 
prove thermal contact. A mounted sample and the 
eplit shield are shown in figure 4. 

Three heaters are wrapped on the shield to supply 
ower necessary to mi: Lintain the proper thermal eTa- 
dient. The main shield heater, wrapped back and 
forth across the bottom copper section, is made of 

AWG constantan wire and has about 100 ohms re- 
sistance. The other two heaters at the midpoin 
and near the top, made of 45 AWG constantan, have 
about 300 ohms resistance. All three are kept in 
place with air-drying v: arnish. All wires connected 
to the sample pass through the shield and are ce- 
mented to it at areas ¢ lose to the same temperature 
as that of their pome of contact on the semple. These 
wires are 10 to 20 em in leneth between the sample 
and shield. 

The temperature difference between the sample 
heater and a horizontally opposed point on the lower 
copper si tion of the shie le lis me ‘asured with a gol |- 
cobalt versus copper thermocouple. Potential differ- 
ences of about 0.1 wV can be detected, corresp mding 

from 0.02° K at liquid helium temperatures, to 
).002° K at room temperature. Similar differential 
thermocouples are at midpoint and near the top. 

The thermal electromotive forces developed across 
the middle and top differential thermocouples are 
measured with a d-c amplifier-galvanometer. To 
bring about thermal balance between the shield and 
sample, as indicated by null readings on the two up- 
per differential thermocouples, the a-c voltages sup- 
plied to the heaters at the middle and top of the 
shield are adjusted manually, If the shield is hotter 
than the sample at either one of the two upper 
points, there is no way to obtain thermal balance 
The lower, or main, differential thermocouple is the 
sensing device for a heater servomechanism. The 
approximately correct voltage for the bottom shield 
heater is adjusted manually by varving two auto- 


transformers 1 series. 

Heater and thermocouple Wires are W rapped back 
and forth upwards on the shield for thermal temper- 
mg and then are wound on the posts attached to the 
heat sink. Two of the six cylindrical copper posts 
ire shown in figure 1. The winding on the posts al- 
lows most of the heat conducted _— the wires from 
shorted to the liquid bath. One of thi 
junction block for the 


above to be 
posts serves as a reference 
eight measuring thermocouples; 
hold a platinum resistance thermometer that indi- 
reference temperature. The others are 
used for thermal tempering only 

The heat sink and posts are machined from free- 
cutting leaded copper, 
tivity and machinability [6]. The vacuum chamber 
evlinder is soldered onto a lip of the heat sink with 
Rose’s Alloy. Two thin stainless steel tubes serve 
as mechanical support for the internal apparatus, as 


another is used to 


cates the 


both cood condue- 


wssuriig 


exit tubes for the wires, and as pumping lines for 


evacuation of the inside chamber. 
For measurements at liquid nitrogen, hydrogen, 
wt helium temperatures, the entire apparatus is sur- 





FIGURE 4 


Vounted sample ° 


rounded by liquid nitrogen in a large metal Dewar. 
To further reduce heat transfer to the internal ap- 
paratus, all the wires are again tied down thermally 
to a copper post inserted into the pumping line just 
above the top plate. The wires are brought out 
from the vacuum space through a hard wax seal. 
Near the top of the apparatus is a thermally insu- 
lated junction box where the various small wires 
from the crvostat are soldered to larger copper W ires, 
usually 22 AWG, which lead to the control panel and 
measuring instruments. 


2.4. Measuring Apparatus 


The reference junction temperature for the ther- 
mocouples is assumed to te the same as that of the 
thermometer post. The measuring thermometer is 
a strain-free capsule platinum resistor with an ice 
point resistance of about 25 ohms, which is embedded 
in one of the posts attached to the heat sink. The 
resistance of this thermometer, calibrated down to 
12° K by the Temperature Measurements Section 
of the Bureau, is measured on a five-dial Mueller 
bridge. When actual readings are not being taken, 
this thermometer is switched to a resistance recorder. 
This switching allows a drift of the heat sink tem- 
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perature to be observed without continual manual 
measurements. 


temperature se ‘ale [2]. 

Wire of 5-mil diameter, composed of gold with 2.1 
atomic percent of cobalt, is used for the common 
element of the eight thermocouples [1]. The com- 


mon reference junction is on one post of the heat 


sink. The external common lead and the separate 


wires going to each thermocouple junction on the 
sample are standard thermocouple —. The 
thermocouple combination was calibrated in a sep- 
arate apparatus. Different ath + Neda 9 
wire with the same nominal composition have been 
found to vary in sensitivity by about 5 to 10 per- 
cent. A graph of the sensitivity of the spool that 
was used is shown in figure 5. Each thermocouple 
junction has one separate external lead and is meas- 
ured with reference to the common junction at the 
heat sink. The junctions are electrically insulated 
by epoxy resin from the thermocouple bolt and, 
therefore, from the holder, sample, and vround 
The thermocouple leads are soldered to larger wires 
at the junction box. The voltages are read on a 
5-dial Wenner potentiometer, usually to 0.01 pv. 

\ determination of the power to the sample heater 
is obtained by measuring the d-c voltage and cur- 
rent. Figure 6 shows the circuit diagram. The 
total current passes through a calibrated 1l-ohm 
NBS tvpe resistor, R.: the voltage developed 
across it is measured on a Rubicon type-B potenti- 
ometer. The effective current passes through the 
sample heater R, and the lead resistances I’. The 
currents range from several milliamperes to about 
100. The voltage across the heater is divided across 
three calibrated resistors, arranged to give either 2 
to 1 or 11 to 1 voltage division. Resistor R, is 10 
K ohms; R, is either 10 K ohms for 2 to 1 voltage 
divider ratio, or | K ohm for 11 to 1 ratio. The 
voltage, measured on the same potentiometer as the 
current, ranges from 1 to about 16 v. The four eal- 
ibrated resistors are in an oil bath maintained at 
25° © by a commercial mercury thermostat and 
infrared heating unit. 


spools of 
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With liquid helium, the temperature 
of the heat sink is obtained from a reading of the 
barometric pressure by using the 1955 d compromise 
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Galvanometer unbalance voltages from the bridge 
and two potentiometers are directed to a commercial 
d-c breaker amplifier rather than the more commonly 
used moving-coil galvanometers. The input selector 
switch to the amplifier can be set to any of the 
calvanometer terminals of the bridge or potentiome- 
ters, or to some of the differential thermocouples 
between the sample and shield, The hich sensitivity 
and several-million-fold amplification of the breaker 
amplifier allow interpolation one figure bevond the 
last dial setting on either the \ue ller bridge or the 
Wenner potentiometer. The signal from the ampli- 
fier is switched to a l-v, center zero, d-c voltmeter 
for precise readings. or to a slow -speed recorder for 
following temperature drifts or approach 
rium 

Standard low-level electric 
used that is, all wires are shielded; a special common 
cround wire is used: the bridges are on insulated 
eround plates; and all terminals, switches, batteries, 
and standard cells are thermally insulated 


to equilib- 


techniques have been 


2.5. Auxiliary Equipment 


photograph of the equipment is shown in figure 
2. The vacuum control unit is behind the cryostat; 
the power panels and control are on the left The 
sample space is evacuated through nominal 1-in. 
tubes by an oil diffusion pump. Between the system 
and the diffusion pump isa metal cold tr: ip that can 
hold liquid nitrogen over a weekend without refilling. 
Between the diffusion pump and the rotary mechani- 
cal pump is a 2-liter reservoir that, with its valve to 
the mechanical pump closed, can normally hold the 
diffusion-pump output for 4 hr before the pressure 
builds up to 100 uw. In parallel with the cold trap, 
diffusion pump, and reservoir, is a «Legg line for 
pumping the svstem down initially without breaking 
the vacuum in the cold trap or diffusion pump. 
The pressure in the sample system is measured with 
a commercial ion gage when it is below 1 uv, and with 
a thermocouple gage when above that. The pressure 
in the reservolr, that is, the back pressure of the 


diffusion pump, is measured on another thermo- 
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couple gage system that has shutoff relays controlling 
the diffusion pumps and ion gage. Whenever the 
back pressure goes above 100 uw, an alarm light turns 
en, and the power to the diffusion pump and ion 
cage turns off. 
~ The liquid refrigerant can be either maintained at 
a reduced pressure by a high-capacity mechanical 
directly to an explosion-proof 
These vent lines are necessary to 


pump, or vented 
exhaust system 
reduce the explosion danger during liquid hydrogen 
tests. The vapor space over the liquid is connected 
to a mercury manometer, permitting measurement 
of the vapor pressure of the bath 

The power panel supplies both a-c and d-c voltage 
to the heaters and electronic equipment, The d-e 
voltage is obtained from a large bank of nickel- 
eadmium batteries in a nearby room. The current 
through the main sample heater, which is adjusted 
by four variable decade resistors, is read preliminarily 
on a precision multirange milliammeter. The a-c 
power 1s obtained from a 110-v regulated power 
supply. Power to each of the shield heaters is con- 
trolled by two autotransformers in series. The a-c 
power supply also furnishes voltage to a millivolt 
recorder, breaker amplifier, and the main = shield 
heater servomechanism., 


2.6. Measurement Techniques 


For each metal sample, the thermocouple holders 
are mounted in a temperature-controlled shop room, 
where the dimensions are also measured. After these 
preliminary measurements, the sample is mounted 
in the heat sink and the heaters and thermocouples 
are attached The sample is not heated or soldered 
after assembly of the thermocouple holders, and it is 
subjected to as litthe mechanical strain as possible 
during insertion into the ervostat. After this as- 
sembly, the shield is closed and bolted; then the 
vacuum can is soldered into place with Rose’s Alloy. 
The sample space and tubes are evacuated and baked 
out for several days, usually over a weekend. The 
liquid refrigerants are not placed into the glass 
Dewar until the pressure in the cryostat is down to 
at least 107° mm of Hg 

Experimental runs are usually begun at liquid 
helium temperatures, after precooling first’ with 
nitrogen, then with hydrogen; and then the runs are 
continued at the hydrogen triple point, hydrogen 
boiling point, nitrogen triple point, nitrogen boiling 
point, carbon dioxide sublimation point, and then 
ice point. Normally, about six series of measure- 
ments at various temperature eradients are made in 
each temperature range. ‘Two sets of measurements 
are made for each eradient to mmsure against reading 
errors or lack of steady state The over-all tempera- 
ture differences across the sample vary from | K 
to a sufficiently large temperature necessary to over- 
lap readings in the next higher temperature range 
The approach to steady -state conditions is observed 
by amplifving the unbalance emf from the Wenner 
potentiometer with the input switch set for the low- 
est thermocouple. The amplified signal is switched 
to the millivolt recorder, and, when this thermo- 


couple emf no longer drifts with time, precise meas- 
urements of the voltage, current, and temperatures 
are begun. Measurements are also made at each 
sink temperature with no power input and with the 
normal vacuum space filled with helium exchange 
gas at a pressure of several hundred microns. Be- 
cause the apparatus should be isothermal under these 
conditions, these readings give the “‘zero”’ corrections 
for the thermocouples. These corrections are attrib- 
uted primarily to inhomogeneous emf’s and are 
assumed to be constant for a particular sink 
temperature, 

Subsidiary measurements are made afterwards on 
a short section of the sample. They include mount- 
ing and polishing of the metal for photomicrographs 
of grain structure, measurement of hardness, meas- 
urement of density, and spectrographic or chemical 
analyses 


3. Analyses of Data 
3.1. Basic Calculations 


The fundamental equation of heat flow is utilized 
in its differential form: 


. dT 
i) hA 
. dz 
where Q is the heat flux, \ is the thermal conduc- 
tivity, and A the cross-sectional area. Because Q 
and Al are essentially constants of the sample for 
each run, : 
. d(—Qr A) 
dT 


Because we do not measure the temperature directly, 
but rather the thermocouple voltage /, we rearrange 
the equation to ‘ 
. d(—Q2r/A) dE 
dE dT 


where dE /dT is the thermoelectric power of the 
thermocouple at the given voltage / and for the 
given reference temperature. 

Several corrections to a straightforward calculation 
of the heat power of the sample heater are necessary. 
The various components of the power circuit are 
shown in figure 6. Basically, the power is the prod- 
uct of the voltage and current through the sample 
heater. The effective current through the heater 
is given by 


Lj3=I7—Ips 


where J, is the total current and Jp is the current 
through the divider circuit. The total current is 
ziven by the measured voltage V¢ across the standard 
resistor divided by its resistance Re. Similarly, the 
divider current is given by the measured divider 
voltage V, divided by the resistance of the particu- 
lar resistor Rp. The effective current is then 


Ro Rp 
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The effective voltage is 


Viers=0V e—Palisy, 


where ral,,, is the temperature-dependent 
developed across the heater leads between the shield 
and the sample, and p is the voltage divider ratio. 
The ratio is given by 


R, 


where R, and /?, are lead resistances (/?; is tempera- 
ture dependent), 2; is a standard 10 K ohm resistor, 
and fF, is either 1 K ohm or 10 K ohm. 

The cross section and distances along the sample 
are measured at room temperature. These dimen- 
sions are corrected for thermal contraction at each 
sink temperature range whenever thermal expansion 
data are available. A preliminary plot is made of 
Qx/A against E to check for points that are considered 
to have too large a deviation. ; 

For the acceptable runs, the Qz/A and F are 
tabulated, and the values are processed by an LBM 
650 digital computer. The program fits the Qz/A 
data by a least squares method to polynomials to the 


first, second, third, and fourth degree in &. Gen- 
erally speaking, the first-degree polynomials give 
the best results for small temperature gradients, 


and the fourth-degree polynomials give the best 
for the large gradients. The computer is then 
programed to take the derivative of each of the 
polynomials, and then to multiply by the thermo- 
electric power of the thermocouples at each tem- 
perature. The final result is the thermal conduc- 
tivity at l-deg intervals based upon each of the 
above polynomials. 

Thermal conductivities as a function of tempera- 
ture for each run are then plotted on a large scale 
graph. Average or best curves are drawn through 
the many points for each range, and the various 
ranges are connected smoothly to give the complete 
graph. 


3.2. Estimation of Errors 


Three main sources of error appear in the apparatus 
described here: (1) Calibration of the thermocouples, 
(2) placement of the thermocouple holders, and (3 
thermal contact resistance between the the ‘rmocouple 
and the sample. The first can be improved by a 
more complete and accurate the ‘rmocouple ealibr: ih- 
tion. A new series of thermocouple calibrations to 
improve the range and accuracy of the data has been 
started in thermometry calibration apparatus. The 
second source of error has been practically eliminated 
because of better control of the dimensions and place- 
ment of the holders. The third source of error can 
be reduced by increasing the length of the thermo- 
couple lead wire between the shield and the sample, 
and by obtaining better contact between the thermo- 
couple bolt and its holder. 
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Even after improvement, the first and third wil] 
probably remain the main of error. The 
thermocouple measurements can be improved, but 
appreciable errors will still come from chemical 
inhomogeneities, mechanical strains, uncertainty jn 
calibration, reduced sensitivity at the lowest tem- 
peratures, and thermal emf in the external circuitry 
The the ‘rmocouple error is estimated to be less than 
| percent over most of the temperature range. This 
error will be systematic and cannot be estimated or 
eliminated by statistical methods. The error caused 
by thermal contact resistance can be estimated by 
deliberately holding the thermal shield hotter or 
colder than the sample. 

Except for gas conduction and radiation at high 
temperatures, the other sources of error have been 
reduced to an insignificant amount, considering the 
larger errors mentioned above. Errors in the cross- 
sectional measurements are probably about 0.2 per- 
cent; inaccuracy in locating the actual contact point 
between the thermocouple holder and sample is 
about the same. Errors due to radiation below 
100° K and conduction along lead wires were cale- 
ulated to be below 0.1 percent. To check these 
radiation losses at higher temperatures, several trial 
runs with different gradients were made at the ice 
point. Apparently, for metals, an error of about 
| to 2 percent exists in the readings at that tempera- 
ture as disclosed by a systematic dependence of the 
apparent conductivity on the gradient. Several 
runs were made with a residual helium gas pressure 
of approximately 1 10-° mm Hg within the system. 
These runs differed by about 3 percent for most 
temperature ranges. 

Experimental runs in each temperature range have 
been analyzed for internal consistency. The devia- 
tions from an average curve are usually less than 
percent in the liquid helium and hydrogen ranges, 
and less than 's percent at liquid nitrogen tempera- 


sources 


tures and above. These inconsistencies are ap- 
parently due to the combined result of the various 
errors mentioned above, the one exception being 


thermocouple calibration error, which is systematic. 
The inaccuracies increase if the sample has either a 


very high or a very low conductivity. The range of 
usable sample diameters is not as great as the 
variation in conductivity; therefore, at both ex- 
tremes of conductivity, optimum measuring con- 


ditions cannot be obtained. Recent measurements 
on a very pure copper sample that had a conductivity 
maximum over 100 w/em °K gave inconsistencies of 
about 5 percent between 4° K and 60° K. Measure- 
ments on very low conductivity alloys or plastics 
have about this same inaccuracy, and, in addition, 


not reliable above K because of the 


are usually 100 
increasing significance of radiation exchange be- 
tween the sample and shield. 


Many control experiments have been carried out 
to test the self-consistency of the apparatus. Many 
of the runs overlap in temperature range. For 
example, some of the runs were carried out with the 
heat sink at 4° K and the bottom of the sample 
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around 25° K, thus overlapping runs made with the 
sink at 19.7° K. The conductivity curves from the 
lower ranges fit smoothly with the curves at the 
higher temperatures. Apparent conductivities from 
runs with different thermal gradients on the sample 
usually agree within the scatter normally character- 
istic of a single run. Various runs with different size 
samples and holders gave consistent results. 


4. Results 
4.1. Polytetrafluoroethylene 


The graph of thermal conductivity of this plastic is 
viven in figure 7. The estimated inaccuracy of the 
results is about 10 percent. The sample was eX- 
truded and had a density of 2.218 g/em*®. Thermal 
contraction was calculated by using the data of 
Quinn, et al. [7] for the higher temperatures, and the 
data of Head and Laquer [3] for the low tempera- 


tures [4]. 
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4.2. Coalesced Copper 


The graph of the thermal conductivity of this 
high-purity commercial copper is given in figure 8. 
The estimated inaccuracy of these results ranges 
from 2 to 5 percent. The sample had a mill specifi- 
cation giving the impurities by weight as 13 ppm 
0,;8 ppm Pb; 7 ppm Ni; less than 5 ppm each of Fe, 
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Ficgure 8. Thermal conductivity of coalesced copper. 


The dashed lines indicate interpolated regions 


As, and Sb; 2 ppm Sn; less than 1 ppm Te and Ag; 
and less than 0.5 ppm Bi. The sample was annealed 
4 hr at 400° C, cooled slowly to 200° C, and then 
kept at 200° C for 8 hr. During the entire heating 
cycle, the sample was kept in a flowing helium atmos- 
phere. The density of the sample was 8.90 g/cm’, 
and its hardness on the Vickers diamond point 
system with a 10 kg weight was 54.1 in the longi- 
tudinal section, and 48.8 in the transverse. 


The authors thank R. J. Corrueccini, W. B. Han- 
son, and R. B. Scott for advice and assistance during 
the progress of this project, and G. A. Yates of the 
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